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Abstract

Breast cancer is one of the major causes of morbidity and mortality in western women. Current screening and
diagnostic imaging modalities, like x-ray mammography and ultrasonography, focus on morphological changes
of breast tissue. However, these techniques still miss some cancers and often falsely detect cancer. The
sensitivity and specificity for detecting the disease can probably be improved by focusing on the consequences of
tumor angiogenesis: the increased microvessel density with altered vascular characteristics. In this review,
various techniques for imaging breast tumor vasculature are discussed. Dynamic contrast enhanced magnetic
resonance imaging is the most-used imaging modality in this field. It has a proven high sensitivity, but a low
specificity and cannot be applied in all women. Moreover, it has problems with detecting ductal carcinoma in
situ (DCIS). On the contrary, contrast enhanced digital mammography can detect DCIS, but requires the use of
ionizing radiation. Contrast enhanced ultrasound provides real-time information about true intravascular blood
volume and flow. However, this technique still has difficulties with discriminating benign from malignant tissue.
Moreover, these three imaging modalities all require the injection of contrast agents. Two relatively new
techniques that do not use external contrast agents are diffuse optical imaging and photoacoustic imaging. Both
visualize the increased concentration of hemoglobin in malignant tissue and thereby provide a high intrinsic
contrast. Especially photoacoustic imaging is a promising technique for breast imaging, since it combines high
ultrasound-like resolutions with optical contrasts and it is safe and non-invasive.

Introduction

Although the death rates of breast cancer have decreased with approximately 40% in the last 20 years (1-2),
breast cancer is still one of the major causes of morbidity and mortality in western women aged over 40 years.
Worldwide, every year more than 1,300,000 women are diagnosed with breast cancer and arnually; about
450,000 women die from this disease (2). The decrease in death rates is, in addition to an increased
specialization of care and widespread availability of modern treatments, most likely due to the screening
programs that started in the late 1980’s (2). Screening programs focus on an early detection of breast cancer,
since the earlier the stage of the disease at detection, the earlier interventions can be applied and the better the
survival chance (1). Currently, the imaging modalities that are mostly used for screening and diagnostic purposes
are x-ray mammography (MMG) and ultrasonography (US). These modalities visualize anatomic features of
breast tissue in order to discriminate malignant from benign tissue. However, both in screening and diagnostic
imaging programs, breast cancers are regularly missed and often falsely detected (3-5). The sensitivity numbers
for screening mammography lie between 70% and 90% (6) and, although the numbers found in the literature are
highly varying, the specificity mostly does not exceed 90% (6). While the use of ultrasonography as an adjunct
to x-ray mammography can improve the sensitivity in women with dense breasts from 73% to 85%, the

combined specificity (40%) in this population is even lower than that of x-ray mammaography alone (6-7). This

might be an indication that focusing mainly on anatomical features is not sufficient for early breast cancer
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detection. Besides, tissue architecture does not provide enough information about the nature of the tumor, for

example whether it is prone to become invasive, to grow or to metastasize.

For a breast tumor to develop and grow, certain functional changes to breast tissue are required. Those functional
changes occur well before any morphologic alterations are visible on conventional x-ray mammography or
ultrasound (8-9). One example of such a change is the increase in vascularization that is required for a tumor to
grow beyond a few millimeters (10). The best-known imaging modality that aims at visualizing this tumor
vasculature is Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI). In breast cancer
diagnosis, DCE-MRI is mostly used as an additional imaging modality when the combination of x-ray
mammography and US does not provide sufficient information or cannot appropriately be applied. The
sensitivity of DCE-MRI has proven to exceed the sensitivity of x-ray mammography and US, applied solely as
well as in combination (11-13). However, MRI has quite some limitations that make it inappropriate as a first-
line imaging modality. MRI suffers, for example, from a low specificity and high costs and cannot be applied on,
amongst others, pregnant women or women with metallic implants (12). The high sensitivity of DCE-MRI
proves that imaging the tumor’s vasculature can indeed provide information about the malignant characteristics
of tissue. However, there is a search for a new modality that overcomes the limits of the currently used methods.
In this review, we will provide an overview of various breast imaging modalities that aim at visualizing the
tumor’s vasculature. Amongst these are dynamic contrast enhanced MRI (DCE-MRI), contrast enhanced digital
mammography (CEDM), contrast enhanced ultrasound (CEUS) and diffuse optical imaging (DOI). We will
highlight their working principles, merits and costs, while introducing a relatively new, non-invasive imaging

technique that has potential in this field, namely photoacoustic mammography (PAM).

Tumor angiogenesis

{24-16) Angiogenesis is the process in which new blood capillaries are developed by sprouting and branching

from existing ones (14-16).Since the diffusion limit for oxygen is only 100-200 um (14,16), rapidly expanding

tumors, which are dependent on oxygen diffusion from the normal vasculature, become hypoxic and acidic and
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eventually die (14-15). Therefore, gaining access to the host vascular system by the formation of blood vessels is
one of the critical factors for tumor survival and expansion (14,17).

Tumor angiogenesis is linked to a switch in the equilibrium between positive and negative angiogenic regulators
(17). Before this angiogenic switch tips the balance to the side of the pro-angiogenic factors, tumors are in their
dormant phase and no angiogenic processes occur. Due to the lack of oxygen and nutrients, the cellular
proliferation rate is balanced by the apoptotic rate, and the tumor is unable to grow beyond a few millimeters
(8,14). However, the starving and hypoxic tumor cells express high levels of (amongst others) hypoxia inducible
factor (HIF), which induces the release of pro-angiogenic growth factors like vascular endothelial growth factors
(VEGFs) (15,18). These pro-angiogenic growth factors switch the equilibrium to the angiogenic side and initiate
the formation of new capillaries (14). Until this stage, angiogenesis is a normal physiological process that also
occurs in wound healing (19-20). In the normal angiogenic processes, there is a tight balance between pro-
angiogenic and anti-angiogenic signals, allowing the new vessels to mature and become stable (17-18). On the
contrary, in tumor angiogenesis, the loss in balance between positive and negative signals causes the vessel-
growth to occur without stopping, enabling the constant growth of new tumor blood vessels. This supports rapid
cell proliferation and permits a tumor to expand in mass (17-18). The resulting irregular and tortuous shape of
the vessels and the abundant presence of shunts cause an abnormal and inefficient perfusion. The fact that
tumor-associated capillaries lack sphincters and pericytes makes them largely independent from the normal
mechanisms of flow-regulation. Moreover, fenestrated endothelial cells and tumor cells form the vessel lining
and a basement membrane is missing, which causes tumor vessels to be more permeable than normal capillaries

(14,16-17).

Imaging of tumor angiogenesis can focus on various stages of the angiogenic process. In molecular imaging
techniques, the focus is on the molecules that are involved in angiogenesis (21). In this review, the focus is on
imaging techniques that visualize the results of the angiogenic processes: an increase in vascularization with
altered vascular properties. Currently, the gold standard for measuring this end product of angiogenesis is a
histological estimation of microvessel density (MVD) in which the average number of microvessels within a

microscopic field is quantified (22). Assessing the microvessel density is an invasive method and, besides,
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cannot be used to determine the vascular properties. Moreover, MVD measures will often overestimate or
underestimate the degree of angiogenesis, since tumors are heterogeneous and MVD measures will vary
according to the location from which the biopsy is taken (22-23). Therefore, the search is for a non-invasive

method that will provide clinically relevant information about the tumor's vasculature.

Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) techniques for assessing tumor angiogenesis can be divided into two
classes: those that do not and those that do require exogenous contrast agents (22). The first class comprises,
amongst others, blood oxygen level dependent (BOLD) imaging. This technique was initially used for functional
brain imaging, but the fact that it can measure tissue blood flow and vasoreactive responses, makes it also a
potential candidate for imaging tumor vasculature (22,24). BOLD imaging makes use of the fact that the
oxygenation state of the blood alters its magnetic properties. Since deoxyhemoglobin is inherently paramagnetic,
a higher amount of deoxyhemoglobin causes shortening of the T2* signal (the spin-spin relaxation time) (22,25-
26). However, the changes in MR contrast are very small and require special statistics to be quantified.
Moreover, the tissue needs to be challenged to induce a change in the deoxyhemoglobin and oxyhemoglobin
ratio (26). In cancer tissue the provocation is achieved by inhalation of high concentrations of oxygen or
carbogen (22,26). The hereby-induced oxygen saturation causes blood vessels to dilate and blood flow to
increase: the result is an increased amount of oxygenated and a decreased amount of deoxygenated blood,
leading to an increased MRI signal (22,25-26). It is hypothesized that healthy breast tissue induces a significant
BOLD response, while the BOLD response in malignant tissue is insignificant (24). Currently, this method
suffers from susceptibility artifacts, a poor resolution and is influenced by body temperature and medication.
Besides, the inhalation of the carbogen gas mixture can be cumbersome and some patients feel uncomfortable to
lie in the magnet with a breathing apparatus. Those limitations, together with its complexity and poor

reproducibility make that there is no widespread clinical use of the BOLD technique in breast imaging (22).

Dynamic contrast enhanced MRI (DCE-MRI), which does require the injection of contrast agents, is the most-

used imaging technique for visualizing breast tumor vasculature. It is often used as an additional method to x-ray
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mammaography and ultrasonography and is usually referred to as breast MRI. In DCE-MRI, a contrast agent that
shortens the T1 recovery time (the spin-lattice relaxation time) is injected into the blood stream. This contrast
agent is mostly a low molecular weight contrast medium like gadolinium.

In areas with greater vessel density, contrast enhancement can be observed by using the appropriate imaging
parameters. Morphologic information, for example the type of enhancement, mass shape and margins and the
internal architecture are of importance for differential diagnosis (27) as can also be seen in Figure 1a. Since the
structure and permeability of the tumor vasculature are altered, the local kinetic behavior of the contrast is also
altered (27): the low molecular weight contrast media that leak slowly from the normal vasculature, diffuse more
rapidly out of the tumor vessels. This results in the characteristic contrast dynamics associated with tumor
vascularization: a rapid initial wash-in of contrast followed by wash-out on delayed images (22,27) as can be
seen in Figure 1b. Benign lesions are more associated with an initial increase in contrast followed by either
progression or stabilization of contrast enhancement on delayed images (28). Indeed, contrast enhancement and
kinetic parameters in DCE-MRI have been shown to correlate with histopathologic measures for neo-
angiogenesis (29)

Figure 1a-b

The advantage of MRI is that it does not make use of ionizing radiation. Besides, DCE-MRI exhibits an
excellent soft tissue resolution (voxel size < 1 mm®) (27) and uses a tomographic imaging principle (12-13).
DCE-MRI has a very good sensitivity for invasive carcinoma compared to x-ray mammography and ultrasound
imaging (12,28,30) with sensitivity numbers near 100% being reported (12,31). The sensitivity is not impaired
by the density of the fibroglandular tissue, nor by scar tissue, radiation therapy and the presence of breast
implants (27). However, the enhancement characteristics of DCE-MRI are unreliable for ductal carcinoma in situ
(DCIS). Less than 70% of DCIS lesions show the characteristic rapid enhancement (27,30). In fact, the kinetics
of the contrast enhancement of DCIS correspond more to benign lesions than to malignancies, which lowers the
sensitivity of the technique for diagnosing DCIS (27,30). One of the possible explanations is that DCIS is not
associated with a notable angiogenic activity, at least not to the extent that it can be measured with DCE-MRI

(27). However, the sensitivity for high-grade DCIS is still higher for MRI than for x-ray mammography (32).
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There are numerous disadvantages with respect to MRI breast cancer imaging. Firstly, the method cannot be
used in claustrophobic patients, pregnant patients and in patients with pacemakers or implanted non-titanium
metallic clips (12). Secondly, it is a time-consuming and expensive method with a low throughput. An MRI
investigation costs about five times the amount of a screening x-ray mammography (3,33). Thirdly, the high
signal intensity of fat may obscure the lesion of interest. To overcome this, specific fat suppression sequences
should be used, but they require an increased scanning time (28). Finally, for DCE-MRI the intravenous
application of a paramagnetic contrast agent is mandatory (3) and, although gadolinium has proven to be safe,
every injection of contrast agent is associated with risks of adverse reactions (34).

Another disadvantage of DCE-MRI is its low specificity with numbers below 50% reported (35-36). Not only
the number of false positives is high, but with DCE-MRI a risk for overestimation in size, stage and ductal
spread exists (3,12,30,37). The lack in specificity of breast DCE-MRI is mainly caused by the fact that the
contrast in DCE-MRI not only depends on the local amount of contrast agent and therefore on the vessel density,
but also on the pulse-sequence settings and the characteristics of the contrast agent. Specifically the T1 contrast
of the pulse-sequence used, the baseline T1 recovery of different tissues and of the contrast agent, and the
diffusion of the contrast agent are of influence on the measured contrast (23). The tissue even shows highly
variable enhancement in normal breast parenchyma, which is referred to as background enhancement and
depends on the patients’ hormonal status (27-28,38). By far the most important source of false positive diagnoses
is the fibroadenoma. This benign tumor demonstrates signal enhancement patterns similar to that of invasive
cancer (39-40) reflecting the significant overlap in the number of microvessels between invasive ductal
carcinomas and fibroadenomas (40). Although there are differences in the microvessel distribution within the
lesions (40-41), the fact that the MRI contrast agents leak out of the vasculature makes it very difficult to
differentiate intravascular from extravascular contrast and therefore to visualize the small differences in

microvessel distribution.

Contrast enhanced digital mammography (CEDM)
X-ray mammography is the only breast screening modality that has been proven to reduce the death rates from

breast cancer (42). However, this morphology sensitive technique suffers from quite some limitations. Breast
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cancers are still missed by mammography (42-43) and its accuracy is limited in dense breasts where it suffers
from a low contrast between benign and malignant tissue (44-45). Imaging tumor angiogenesis with
mammography has been investigated more than twenty years ago, using a technique called digital subtraction
angiography (DSA) (45-46). In this technique, a contrast medium (usually iodine) was intravenously
administered, followed by a set of radiographic views of the breast using an image intensifier system. It was
thought that the presence of a blush (a localized prolonged retention of contrast medium) accompanied by
abnormal vessel characteristics was indicative for malignant lesions (45-46). Indeed, abnormal tumor vasculature
could be visualized with both planar DSA and contrast enhanced x-ray computed tomography (CT). The results
of these techniques have been in close agreement with biopsy and pathologic findings (44-47). However, both
techniques did not prove to be clinically useful (43), mainly because of the high radiation exposure (45-46), the

lengthy imaging duration and implementation problems (48).

Digital mammography systems have been developed to enable rapid imaging and image processing. Those
systems are therefore able to employ sophisticated techniques for imaging and localization of early breast cancer
(48-50). One of these techniques is contrast enhanced digital mammography (CEDM) in which, like in DCE-
MRI and DSA, an intravenous contrast agent is administered to enhance malignant breast lesions (42). The most-
used contrast agent is iodine, which provides a highly differentiating attenuation compared to tissue. Besides,
iodine is non-toxic and has proven to be useful and safe in other vascular imaging procedures (48-49).

Two different techniques of CEDM exist: the dual-energy technique and the temporal or dynamic subtraction
technique (42-43,47,49-50). In the temporal subtraction technique, the high-energy images are obtained before
and at varying time points after the injection of contrast medium (Figure 2). Afterwards, the pre-contrast image
is subtracted from the post-contrast images (50). This technique can be compared with DCE-MRI and DSA,
since it makes it possible to analyze the kinetic behavior of the contrast agent at the location of the lesion (50).
The images are acquired over several minutes with only slight breast compression, which makes the method
highly prone to motion and displacement artifacts. Since the pre-contrast and post-contrast images need to be
registered with high accuracy, motion artifacts have an impact on the final contrast (47-48,50-51). To overcome

this problem, the breast can be more tightly compressed, which is uncomfortable for the patient and might also
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limit the blood flow and affect contrast enhancement (42,51). Since the breast cannot be repositioned, only one
view can be obtained with a single injection (42-43). Therefore, the 3D location of an abnormality cannot be
estimated with temporal CEDM (42).

Figure 2

In dual-energy CEDM, images are obtained by using energies both below and above the k-edge (33.2 keV) of
the contrast agent (42-43,50-51). This technique makes use of the energy dependence of the x-ray attenuation
through different ‘materials’, which are in this case iodine and soft tissue (Figure 3). Usually, for the low energy
source a molybdenum target at peak-voltages of 22-33 kV is used in combination with a molybdenum filter; for
the high-energy source, this is a rhodium target at 44-49 kV in combination with a rhodium filter (43). A
weighted subtraction of the two images is applied to minimize the visibility of breast tissue, while maximizing
the visibility of iodine contrast agent. Therefore, this technique enhances the areas with contrast uptake (43,50).
Compared to the temporal technigue, the major advantage of dual-energy CEDM is its reduced sensitivity to
motion artifacts, since the time between the different exposures is very short (50). Because this technique does
not require matching of pre-contrast and post-contrast images, multiple views can be obtained, making a more
exact localization of the lesion possible (42-43,50). Besides, contrast injection can be performed before breast
compression is applied, circumventing the problem of influencing the vascular dynamics by breast compression
(42,52). The fact that low and high energy views are required makes that the radiation exposure is higher for
dual energy CEDM than for temporal CEDM (50). Therefore the number of images performed after contrast
injection is limited and no information about the kinetics of enhancement can be obtained (50). Finally, since
iodine contrast is present in both the low and high energy images, this approach can cause a small loss of iodine
signal after the weighted subtraction techniques (42).

Figure 3

Preliminary studies have shown that CEDM might be a useful (adjunctive) technique for diagnosing breast
cancer in women with dense breasts (44), showing sensitivity numbers above 80% and excellent correlations
between histological tumor size and the size of contrast enhancement (50). Specificity humbers vary between
60% (looking only at enhancement) and 90% (including morphologic information) (42,49). The fact that

especially the low-energy source can also visualize microcalcifications makes the dual-energy CEDM potentially
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more sensitive to DCIS detection than DCE-MRI (43). Because of the widespread availability of digital
mammography, CEDM will become highly accessible and relatively inexpensive, especially when it is compared
to MRI (44). No studies have been performed with respect to the comparison of CEDM and DCE-MRI and it
remains to be seen if CEDM can exceed the sensitivity and resolution of MRI (42-43,50). The most important
difference with MRI is that CEDM is a projection technique; even with the injection of contrast agent
superimposition of adjacent breast tissue might influence sensitivity and specificity numbers. Therefore it is not

expected that ordinary CEDM will replace MRI in the near future (42).

Digital breast tomosynthesis (DBT) is another relatively new digital x-ray technique in which a stationary
detector and a moving x-ray source are used to obtain different projections under various angles (49,52). In this
way, fast three dimensional information can be obtained (42). Combining CEDM and digital breast
tomosynthesis potentially overcomes most of the limitations of the former used in isolation. Both breast cancer
morphology and vascular information can be provided, superimposition problems may be overcome and less
compressive force needs to be applied. Indeed, in a preliminary pilot study, Chen et al. showed the possibility of
combining both techniques (47). This combined technique is still very new and requires further examination

before conclusions about its potential can be drawn (47).

Doppler ultrasound imaging and contrast enhanced ultrasound imaging (CEUS)

Breast ultrasound imaging is widely used as an adjunct to mammography. Ultrasound is an excellent method for
assessing palpable abnormalities, differentiating between cystic and solid lesions, and classifying solid masses.
Moreover, ultrasound imaging is the method of choice to guide core needle biopsies (13) and can improve the
characterization of solid breast lesions as benign or malignant (53). However, the specificity of this technique is
quite low, it has limited ability to distinguish little lesions from fat lobules and suffers from an examiner
dependent accuracy (54).

In an attempt to improve the diagnostic accuracy of ultrasound, tumor vascularity has been assessed non-
invasively with both color Doppler and power Doppler ultrasonography (55-56). Color Doppler ultrasonography

is based on the Doppler frequency shift between the transmitted and received acoustic pulse due to the
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movement of the blood cells through the measured volume (57). This method can evaluate blood flow and it is
therefore useful in the differential diagnosis of breast lesions (57-58). However, the technique suffers from an
angular dependency and poor signal to noise ratios (57), making it often unable to evaluate flow signals from
small vessels (< 1 mm) in which the flow is low (3-5 cm/s) (56). This flow approximately equals the tissue
motion velocity, making the technique highly sensitive for motion artifacts caused by for example patient
breathing (59-60).

To overcome these limitations, power Doppler imaging was introduced in which the color map shows the
integrated power of the Doppler signal. Power Doppler imaging is less prone to noise artifacts since noise has a
very low power with respect to the information containing signal (57). Power Doppler ultrasound is also much
less angular dependent since the power in the Doppler spectrum is related to the number of red blood cells
producing the Doppler shift (57). These aspects increase the sensitivity of Doppler ultrasound: smaller frequency
shifts and smaller numbers of intravascular reflectors can be measured (56). Indeed, power Doppler
ultrasonography has a higher sensitivity (>75%) and specificity (>75%), and therefore a higher diagnostic
accuracy than color Doppler ultrasonography in the evaluation of palpable breast lesions (55-56,61). Although
ultrasound Doppler images are on average statistically different between benign and malignant lesions, groups
overlap and consequently the technique has a weak diagnostic performance (53,62). Power Doppler ultrasound
imaging still exhibits a low sensitivity for detecting flow in small tumor vessels (< 200 um) and cannot

distinguish small Doppler signals from background disturbances (53,56,58).

A newer approach in ultrasound imaging of angiogenesis is contrast-enhanced ultrasound (CEUS). Ultrasound
contrast agents with microbubbles can be used to increase vascular signals in ultrasonography (60). The micron-
sized, gas-filled microbubbles are able to produce a 15-25 dB increase in the echo intensity of the blood flow
signal (53). This improves the Doppler assessment of the presence, morphology and flow of tumor microvessels
in the breast (54,58,60). The first microbubbles were simple air bubbles wrapped in an outer shell of protein or
lipid, while current microbubbles encapsulate insoluble gas to make them remain more stable in the blood (63).

Microbubbles not only reflect sound at the fundamental (incoming) frequency, but also generate higher
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harmonics. This makes them suitable for harmonic imaging in addition to color and power Doppler
ultrasonography (63).

Differences in contrast enhancement intensity and kinetics have been observed between benign and malignant
lesions. CEUS made detection of smaller vessels possible and improved the diagnostic accuracy, sensitivity and
specificity of Doppler ultrasonography (23,53,56,58,60,63). Sensitivity and specificity numbers both exceeding
95% are reported (56). One advantage of CEUS is that it is a real-time imaging method that is relatively
inexpensive and readily repeatable (63). The major difference with other contrast-enhanced imaging techniques,
like DCE-MRI and CEDM, is that the microbubbles are true intravascular contrast agents: they do not diffuse
into the extravascular compartment. Therefore, CEUS is a useful technique for measuring true blood flow and
volume (23,58,64). Especially with the use of newer contrast imaging techniques (like pulse inversion harmonic
imaging and intermittent power Doppler), the enhancement parameters can give information about the
microvessel density, the amount of shunting of the vessels and the heterogeneity of the vasculature (23,53-

54,60). An example of a CEUS image can be seen in Figure 4.

On the other hand, CEUS cannot provide any information on the permeability of the tumor capillaries (23,58)
and it presents some more limitations. Firstly, the microbubble contrast agents are present in the tumor vessels
for a short time only, which hampers full breast scanning within the few minutes before the contrast agent
washes out. Therefore, often multiple doses of contrast material are required to visualize all vascular phases of
the contrast agent (23,58,63). Secondly, CEUS cannot provide information about the entire breast like in DCE-
MRI (23,63). Thirdly, the assessment of breast CEUS is subjective and not all studies have shown significant
correlations between the CEUS image and histological microvessel density. The higher specificity of this
technique sometimes occurred at the cost of a weaker sensitivity (53,58,60). Finally, as was the case with DCE-
MRI, contrast-enhancement can also be observed in some benign lesions, like hypervascularized inflammations
and fibroadenoma. Those lesions may be mistaken for malignancy, while on the other hand low-grade
hypovascular carcinoma might be diagnosed as benign tissue (56,60).

Figure 4 a-c
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Diffuse optical imaging (DOI)

Far-red and near infrared (NIR) light (650-1100 nm) can travel across several centimeters of breast tissue due to
low absorption and scattering coefficients of soft tissue in this wavelength region (65). The diffuse transmittance
or reflectance of NIR light can provide information about the local absorption and scattering coefficients of
tissue (66). Hemoglobin is a strong intrinsic absorber of NIR light, which causes the absorption coefficient of
blood vessels to be much higher than that of surrounding glandular and adipose breast tissue (67). Because of the
angiogenic processes, the local concentration of hemoglobin is increased at malignant sites. Moreover, the
oxygen saturation is decreased in rapidly expanding tumors due to their hypermetabolism (33). Tissue scattering
can be increased by an increase in the number density and size of subcellular organelles (33) and both are altered
in malignancies. Consequently, the absorption and scattering properties of light at the NIR wavelengths can give
information about cell sizes, blood dynamics, total hemoglobin concentration and blood oxygen saturation
parameters, which could reveal the presence of breast malignancies (33,68-69).

Diffuse optical imaging (DOI) can be applied using three distinct methods: continuous wave, time domain or
frequency domain imaging. In the continuous wave approach, the transmission of continuously delivered NIR
light across the breast is measured. This technique is relatively inexpensive and rather compact, but it suffers
from some disadvantages. The detected intensity is, for example, highly dependent on surface coupling and
measurements of the intensity at a single wavelength alone are not sufficient to differentiate absorption from
scattering interactions (65,70-71). An example of a continuous wave DOI system for breast imaging is the
Philips optical mammoscope (71), which was already tested for its feasibility in the late 1990’s and proved to be
able to detect a variety of inhomogeneities. Hewever—the-specificity—of-thistechnique—is—stilb-peor(69,71)-
However, the specificity of this technique is still poor (69,71), with false positive rates up to 22% being reported
in a group of women with proven breast malignancies (69).

In frequency domain measurements the light intensity is modulated at tens to hundreds of megahertz. In this
case, information about the optical properties can be calculated from amplitude decay and phase shift
measurements of the signal (65). In time domain methods, picosecond-pulsed laser light is used to measure the
temporal distribution or times of flight of photons that exit the breast tissue to obtain information about optical

properties of tissue (65,72). Time-domain and frequency domain measurements can theoretically express the
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same information, but both have their advantages and disadvantages. Frequency domain systems are relatively
inexpensive, easy to develop and provide fast temporal sampling. In time-domain imaging, the information
content of the signal is greater than can currently be measured in the frequency domain: the frequency content of
the time of flight distributions extends to several GHz and it is not yet possible to modulate high-intensity
sources at such high frequencies (70). Moreover time-domain systems are far more sensitive than the frequency
domain systems, making imaging at higher depths possible (70).

DOI for mammaography can be divided in transillumination approaches and the so-called tomographic principles
(65,70). In transillumination or planar imaging, source and detector pairs are arranged on opposite sides of the
breast in order to obtain two-dimensional projection images of the tissue. This approach has advantages of easy
implementation, easy reconstruction and comparable views to conventional mammographic images. However,
this technique does not provide detailed information about the 3D spatial localization of the specific absorbers
and usually requires breast compression (65). Currently, most research focuses on diffuse optical tomography
(DOT), which applies DOI in a tomographic manner, usually in time (66,72) or frequency domain (33,73).
Sources and detectors are placed over the available surface in order to record signals from multiple lines-of-sight
across the entire volume (70). Hereby, 3D maps of the optical properties of the breast can be obtained (65,74).
The disadvantages are that more powerful sources and more sensitive detectors are required, as are non-linear

reconstruction algorithms (74).

In recent studies with respect to breast cancer diagnosis, it has been shown that DOI is able to differentiate
between benign and malignant tissue optical properties as can be seen in Figure 5. In some cases, malignant
lesions that were smaller than 1 cm in diameter could be discriminated from normal glandular tissue (33). This
was primarily due to the higher hemoglobin contents, causing more light to be absorbed. However, also the
scattering of light and the oxygen saturation suggested good discriminatory power (33,68-69,75). Advantages of
DOl are the use of non-ionizing low energy electromagnetic radiation, continuous data acquisition and low price
compared to MRI and x-ray mammography (65,68). Furthermore, DOT measurements can be applied with the
patient in a prone position with reasonably good coverage of the breast, using only little breast compression (76-

77). Molecular level information and submicroscopic structural information about the tissue function can be
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obtained with DOI and diffuse optical spectroscopy (DOS) (33,76). In the optical imaging techniques, breast
density seems not to be an issue, so it can also be used in younger women (68). The greatest strength of the
optical imaging techniques is that the absorption of NIR light by hemoglobin can provide one of the highest
intrinsic biological contrasts possible. Sometimes the contrast reaches levels up to 200%, compared to only 10%
contrast in x-ray mammography (78).

Figure 5 a-e

A disadvantage is that the optical mammography techniques have low spatial resolutions. Due to multiple
scattering of NIR light, the achievable resolution is degraded to near 5 mm within a few centimeter of tissue and
worsens with depth (67,78). In order to moderately improve the spatial resolution, the number of sources and
detectors should be (impractically) large (33). Another disadvantage of the DOT techniques is the difficulty of
image reconstruction. An accurate quantification of optical properties relies heavily on the reconstruction
algorithm and often a-priori information about the tumor and the surrounding tissue is required (33,67).

The clinical applicability of the optical imaging techniques is limited by the heterogeneity of the optical
properties of breast tissue between and even within patients. Tumor tissue exhibits heterogeneous levels of
vascularization and oxygen saturation. The interpatient variations and variations throughout the different phases
of the menstrual cycle can exceed the differences between benign and malignant lesions (79-80). Static, single
shot optical images do neither provide information about the altered vascular characteristics nor about the
mechanical changes of the malignant breast tissue. Therefore, some research centers investigate the application
of dynamic imaging techniques to characterize the optical properties of the tissue. In dynamic optical imaging,
external dynamic stimuli are introduced to measure relative changes in the tissue optical properties. Stimuli can
be chemical, mechanical or physiological (80-81). Although only few studies to the use of dynamic stimuli in
DOI of malignancies were applied, the results are promising: the external stimuli made better differentiation
between benign and malignant lesions possible (68,79-80).

Another approach is the use of fluorescent contrast agents in DOT. Those fluorescent agents may improve lesion
contrast and might therefore be useful in the early detection of breast cancer (82-83). It has been shown that

DOT using a low concentration of a non-specific fluorescent contrast agent (Indocyanine Green (82) or
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Omocyanine (83)) is feasible and safe for breast cancer visualization in patients (82-83). However, the technique
requires the injection of fluorescent agent prior to the study. Moreover, since the contrast agents are non-
specific, normal tissue could also show contrast enhancement. Therefore, development of probes with more
specific binding to relevant tissue components is required to make diffuse optical imaging using fluorescent

contrast agents clinical applicable (83).

Photoacoustic imaging (PAI)

The interactions of NIR light with tissue can provide a wealth of information about the tissue constituents, the
presence of hemoglobin and the oxygen saturation of the blood. Therefore, imaging techniques that are based on
the absorption of NIR light in tissue can provide high contrast between vascularized and non-vascularized tissue.
In pure optical based imaging techniques the spatial resolution degrades significantly with depth (84).
Photoacoustic imaging (PAI) is an upcoming technique that overcomes this limitation by combining optical
excitation with ultrasound detection, exploiting the thermoelastic effect that occurs upon absorption of pulsed
light (85). With photoacoustic imaging, laser light in the NIR region is used for irradiating the tissue, like in
optical imaging. The optical absorption of the pulsed laser light causes a local temperature increase of the tissue,
followed by a thermal expansion leading to a pressure rise. The pressure relaxes as an ultrasound wave that
propagates with minimal distortion to the surface where it can be detected using appropriate wideband
ultrasound detectors (84-87). The time-of-flight, amplitude and peak to peak time of the photoacoustic signal
depend on the amount of absorption of the laser light and on the size and position of the absorbing objects (88).
Those aspects are dependent on the composition of the tissue and on the local amount of vascularization and
blood oxygenation. Therefore, the increased concentration of hemoglobin provides the main source of optical
(and therefore photoacoustic) contrast for breast malignancies relative to normal tissue (89). Because the
detected signal is not the highly scattered light, but the much less scattered ultrasound, the resolution of PAI is
superior to that of DOI. With PAI, one can combine optical contrast with the resolution of ultrasound, without
limitations of breast density, magnetic compatibility problems and the use of contrast agents or ionizing radiation
(86,89-90). This technique allows the future combination of pure ultrasound and photoacoustic measurements in

one system (91-92), providing both morphologic and functional information about the breast tissue, while with
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photoacoustic spectroscopy information about the oxygen saturation of the blood can be obtained (93-94).
Analogous to diffuse optical imaging, also in photoacoustic imaging external contrast agents can be used for
better imaging of the tumor’s vasculature. More specific and higher absorption of the NIR light at tumor
vasculature can result in detection of smaller and deeper tumors. Recent studies with animal models show the
possibilities of using external contrast agents for imaging tumor vascular networks. Examples of photoacoustic
contrast agents are dyes such as Evans blue (95) and nanoparticles such as gold nanorods (96-97), gold

nanobeacons (98) and carbon nanotubes (99).

Although it is possible to generate photoacoustic signals with intensity modulated continuous wave lasers (100),
pulsed lasers are mostly used. Photoacoustic imaging using a pulsed laser usually has a higher signal to noise
ratio and makes it possible to directly calculate the distance of the photoacoustic source from the detector (87).
Different imaging configurations can be used for photoacoustic imaging. With one technique a focused
ultrasound transducer is used for time-resolved detection of the photoacoustic waves. By scanning the transducer
over the tissue, 3D information of the underlying tissue can be obtained (85,101). This technique is the easiest to
implement, however it takes very long to scan large volumes and is therefore not useful for scanning the whole
breast. For breast imaging, it is more convenient to use an array of unfocused ultrasonic transducers (85,101-
102).

The maximum imaging depth is determined predominantly by light penetration in the breast, but is also
influenced by the attenuation of the ultrasound. Mostly, light in the NIR region is used; NIR light penetrates
relatively deep into tissue, while the absorption contrast of hemoglobin with respect to tissue remains high. The
disadvantage of photoacoustic imaging is that, due to optical scattering and absorption, the maximum imaging
depth is limited to about ~5 cm (with a resolution < 1 mm) (85). Since the attenuation of ultrasound increases
with frequency, human tissue serves as a low pass filter: the ultrasound attenuation changes the amplitude and
waveform of signals from more deeply positioned sources. By decreasing the central frequency of the ultrasound
detector, one can detect signals from deeper structures. However, only detecting lower frequencies also degrades
the spatial resolution of the system. Therefore, the interplay between detector frequency and bandwidth highly

influences the detection characteristics of the photoacoustic system (84-85,87,103).
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In the last years, several groups have studied the clinical utility of photoacoustic imaging in breast cancer
diagnosis. Special instruments with different configurations have been developed to get the optimal resolution,
imaging depth and contrast in breast tissue phantoms, small animals and healthy volunteers (88,102-106). An
example of the latter is shown in Figure 6 in which the microvasculature of the healthy breast can be clearly
visualized with both high contrast and excellent resolution.

Figure 6 a-b

Also different clinical studies have been performed that showed the possibility to produce high-resolution
clinical photoacoustic images suitable for the morphologic analysis of the tumor angiogenesis (89,107-109). An
example of this can be seen in Figure 7.

There are considerable challenges evidenced by optical attenuation in the skin and breast tissues, acoustic
artifacts and sensitivity and bandwidths of the transducer array (89,102). The only clinical studies that are
performed use small patient groups (89,102,107-108). Therefore, although the first clinical results of this
technique are promising, it needs to be investigated if the positive results can be repeated in a larger population

in order to get more information about the feasibility of photoacoustic breast cancer imaging.

Discussion

Techniques that focus on an altered tissue morphology, such as x-ray mammography and ultrasonography are
often not able to discriminate benign from malignant lesions and often miss breast cancers. In order to improve
the diagnostic accuracy of breast cancer detection, we believe that imaging modalities should focus on the results
of tumor angiogenesis: a locally increased, but heterogeneous, microvessel density with irregular and highly
permeable vessels. This review described the use of Magnetic Resonance Imaging (MRI), contrast enhanced
digital mammography (CEDM), ultrasound techniques, diffuse optical imaging (DOI) and photoacoustic
imaging (PAI) for imaging the breast tumor’s vasculature. In Table % I, the advantages and disadvantages per
image modality are shown. These properties will be discussed in more detail in following sections.

Table |
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Sensitivity and Specificity

Sensitivity and specificity numbers for various techniques are shown in Table 2 Il. Obviously, the values are
highly varying throughout the literature. For example, Sorelli et al. (110) reported a sensitivity of 100% and a
specificity of 37.5% for contrast enhanced ultrasound in the evaluation of palpable breast lesions, while Zhao et
al. (54) reported a sensitivity of 86.7% and a specificity of 96.7% for this same technique. The variation in
sensitivity and specificity can be caused by: 1) differences in the way the technique is being performed (31); 2)
different evaluation criteria (35); 3) different study-populations (110-112); and 4) the difference in the
physician’s knowledge about earlier imaging results (113). Therefore, the sensitivity and specificity numbers
given in this review are only rough indicators of the performance of a technique.

Table 11

Diagnosis

When referring to sensitivity and specificity numbers, one should differentiate between screening and diagnostic
imaging techniques. For diagnostic imaging of the breast’s vasculature, dynamic contrast enhanced MRI (DCE-
MRI) is the only technique that finds widespread clinical use. Indeed, it has been proven that the sensitivity of
breast cancer diagnosis increased when DCE-MRI was used as an adjunct to x-ray mammaography in case the
mammogram proved to be inconclusive (114). In addition to DCE-MRI, CEDM and CEUS also proved to be
useful adjuncts to conventional imaging techniques (44,54). However, they do not (yet) find widespread clinical
use, because of several disadvantages with respect to DCE-MRI. Sensitivity numbers of both CEDM and CEUS
do not exceed those of DCE-MRI, while CEDM does require the use of ionizing radiation and both, currently,
cannot provide a full 3D view of the breast. Diffuse optical imaging (DOI) and photoacoustic imaging (PAI) are
still in early phases of development, but preliminary promising results on breast cancer diagnosis have been
published (89,107,115). Those techniques have the advantages that they do neither require the external injection
of contrast agents, nor use ionizing radiation. Moreover, in contrast to DCE-MRI, DOI and PAI can be applied in
almost all women. Especially photoacoustic imaging is promising, since it combines the high contrast of optical

imaging with the good resolution of ultrasound.
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One major difference between DCE-MRI and CEDM on the one side and CEUS, DOI and PAI on the other side
is that both DCE-MRI and CEDM not only provide information about the local vessel density, but also about the
leakage of contrast agent from the vasculature to the surrounding tissue. Therefore, with those techniques crucial
information on the permeability of the microvessels can be obtained. However, leakage of contrast agent out of
the vasculature makes it impossible to measure true blood volume and flow and limits the differentiation
between fibroadenoma and invasive carcinoma (40). This can be one of the reasons that the specificity of DCE-
MRI is rather low. CEUS, DOI and PAI, on the other hand, do image true intravascular space, because both
microbubbles and hemoglobin do not leak out of the tumor vasculature. Especially with high resolution CEUS
and PAI it should be possible to differentiate fibroadenoma from malignancies based on the different
microvessel distributions within the two lesion types. Although DOI and PAI lack the crucial information about
the permeability of the microvessels, it is currently being investigated if dynamic optical or photoacoustic
imaging can provide extra diagnostic information on the tissue’s and microvessels characteristics. This
information could possibly increase the discriminating power of the techniques, without losing the advantages of

imaging true intravascular contrast agent (68,79-80).

Screening:

We have seen that imaging the tumor’s vasculature as an adjunct to conventional imaging can provide extra
information on the nature of the lesion, but it remains to be seen if those vascularization-imaging techniques can
also be used as a screening modality. Currently, x-ray mammography is the method of choice for breast cancer
screening since it is the only method that proved to reduce breast cancer death rates. This method is relatively
easy to apply, cheap and fast, but it suffers from limitations of which one of the most important is the use of
ionizing radiation. The specificity of screening x-ray mammography is too low: from the Dutch women that
were referred for further diagnosis based on their first screening mammogram in 2007, only 30% had a true
breast malignancy (116). Moreover, x-ray mammography is a relatively uncomfortable method that requires
rather large pressures to compress the breast. None of the other described imaging modalities is currently used
for breast cancer screening in the conventional screening population. For obvious reasons, CEDM could not

replace x-ray mammography, since it requires even more ionizing radiation and the injection of contrast agents.
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CEUS cannot provide a whole breast view and is too performer-dependent. Even DCE-MRI has not yet proven
to be a adequate screening tool in isolation, especially because of its rather low specificity and lengthy

measurement duration (117).

DCE-MRI is, on the other hand, used for screening young women with a high risk for developing breast cancer
(118). Those women cannot have an annual screening mammogram for two major reasons: 1) The overall life-
time dose of x-rays would be unacceptably high, especially since those women are more susceptible for
developing malignancies (118); and 2) their denser breasts make the interpretation of the x-ray mammogram
difficult, which lowers sensitivity and specificity numbers (117). In Table Il the sensitivity and specificity
numbers for screening the high-risk population are shown.

Table 111

The disadvantage of using DCE-MRI for annual screening in this population is that the method is time-
consuming, expensive and not applicable in women who are pregnant or have metallic implants. Although more
clinical data needs to be collected, DOI and PAI are potentially good methods for screening women with a high
risk for breast cancer. Those methods are non-invasive, fast, can be applied in a prone position with relatively
low compression and do neither require the use of ionizing radiation nor contrast agents.

It still has to be investigated if the information about the tumor’s vasculature alone is specific enough to
discriminate benign lesions from early signs of breast cancer. It was seen in both DCE-MRI and CEDM that
specificity and sensitivity numbers significantly improved when both the contrast enhancement and tissue
morphology were used as evaluation criteria (35,42). In addition, the variations in optical properties of breast
tissue within and between women often exceed those between benign and malignant tissue as was seen in DOI
(79-80). Therefore, also PAI might have problems with differentiating benign tissue from early signs of breast
cancer in the screening situation. However, with the future possibility of applying ultrasound transmission

imaging and PALI in one system (119), the discriminating power is expected to be increased.

Conclusions
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Focusing on the tissues vasculature is a useful adjunct to the conventional imaging techniques in the diagnosis of
breast cancer. Nowadays, Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI) is the only
method that finds widespread clinical use. However, Diffuse Optical Imaging (DOI) and Photoacoustic Imaging
(PAI) are relatively new techniques that have great potential in this field and partly overcome the disadvantages
of DCE-MRI. PAI might also be useful in the annual screening of women with a high risk for breast cancer,

especially when it is combined with ultrasound.
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Table |
DCE-MRI | CEDM Doppler CEUS DOl PAI
uUs
Resolution + + - +
Contrast - +/-
Sensitivity +/- + *TBD *TBD
Specificity - +/- +/- +/- *TBD *TBD
Applicability +/- +/- 4 i i +
lonizing Radiation + - " + + +
Contrast Agents - - + - A A
Assessment of MVD + + + + + +
Assessment of vessel characteristics | + + - - - -
Full 3D breast scanning + - - - + +
Duration = + + + = =
Costs = +- + + +- +-
Table 11
Technique: Study Number of patients Sensitivity Specificity
x-ray (digital) mammography Jensen 2010 (112) 93,585 (United States) 85.0% 93.2%
Jensen 2010 (112) 51,313 (Denmark) 82.4% 98.6%
Ultrasonography Houssami 2005 (113) | 480 (without x-ray 79.4% 88.4%
knowledge)
Houssami 2005 (113) | 480 (with x-ray 87.1% 85.2%
knowledge)
Dynamic Contrast Enhanced Bluemke 2004 (120) | 821 (BIRADS 4-5) 88.1% 67.7%
Magnetic Resonance Imaging
Contrast Enhanced Dromain 2006 (50) 20 80% *
Digital Mammography
Diekmann 2009 (121) | 80 (suspicious lesions 62% 70%
on MMG/US or MRI)
Contrast Enhanced Ultrasound Caproni 2010 (122) 39 (BIRADS 3-5 at 91% 73%
MMG or US)
Sorelli 2010 (110) 15 100% 37.5%
Zhao 2010 (54) 71 (combined with US) | 86.6% 96.8%
Liu 2008(58) 104 95.3% 88.3%
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Table 111
Technique: Study Number of patients Sensitivity Specificity
x-ray(digital) mammography Sardanelli 2007 (123) | 3,571 39.5% *
Kuhl 2005 (124) 529 32.6% 96.8%
Kriege 2004 (125) 1,909 40% 95%
Ultrasonography Sardanelli 2007 (123) | 3,571 43.2% *
Kuhl 2005 (124) 529 39.5% 90.5%
Dynamic Contrast Enhanced Sardanelli 2007 (123) | 3,571 80.7% *
Magnetic Resonance Imaging
Kuhl 2005 (124) 529 90.7% 97.2%
Kriege 2004 (125) 1,909 71% 89.8%

Figure 1 Example of a Dynamic Contrast Enhanced MRI image. a) T1 weighted image after gadolinium injection. This
image shows a region with contrast enhancement (arrow) close to the nipple of the patient’s right breast. The area is
suggestive for the presence of an infiltrating malignancy. b) Dynamic contrast enhancement curve. This figure shows the
percentage contrast enhancement (vertical axis) in the suspicious area as a function of time (horizontal axis, in minutes
after contrast injection). The rapid wash-in (to 151% at four minutes) and a 20% wash-out (to 121% at seven minutes) of
contrast in this region are suggestive for the presence of malignancy.

Figure 2 The principle of temporal subtraction contrast enhanced digital mammography (CEDM). High energy images are
obtained before and at various time points after the injection of contrast medium. Afterwards, the pre-contrast image is
subtracted from the post-contrast images. Reprinted and adapted with permission from (50).

Figure 3 The principle of dual energy subtraction contrast enhanced digital mammography (CEDM). Images are obtained
by using energies both below and above the k-edge of iodine. The subtraction of the two images shows the iodine
enhancement. Figure reprinted and adapted with permission from (50).

Figure 4: Contrast US before and after contrast medium injection. 23mm ductal infiltrative carcinoma. a) B mode
sonography. Spiculated mass, classified as highly suspicious for malignancy. Infiltrative feature is suspected because of the
echogenicity of the surrounding fat (arrowhead). Microcalcifications are also visible within the tumor (arrow). b) Same
patient. Contrast US including B mode and contrast mode (SonoVue®). The tumor is strongly enhanced after injection.
Vessels are located in the peripheral area of the lesion. An area of the lesion remains poorly enhanced (arrow) which
corresponds to necrosis. ¢) Same patient. Contrast US with CPS®, contrast mode only. Figure reprinted with permission
from (60). PERMISSION AND ORIGINAL HIGH-RESOLUTION FIGURES ARE AWAITED.

Figure 5 Breast MRI and frequency domain DOI of a 53 your old women with a 2.2 cm infiltrating ductal carcinoma. a)
Sagittal DCE-MRI image and b) axial DCE-MRI image. The gadolinium contrast enhancement visualizes the malignancy.
c-e) DOI images obtained from multispectral analysis of frequency domain data (33) representing relative total hemoglobin
concentration, relative oxygenated hemoglobin and relative tissue scattering .The higher contrast in the indicated areas in
Figure c, d and e, indicates that, amongst others, the relative total hemoglobin concentration, the relative oxygenated
hemoglobin and the relative tissue scattering can give information about the presence of a malignancy. Image reprinted
with permission from (33).

Figure 6 Maximum Intensity Projection of the photoacoustic tomography images of the breast of a 57 year old volunteer. a)
Lateral projection and b) anterior-posterior projection. The square in Figure a) represents a 1x1 cm? area. In this figure, a
submillimeter vessel is visible to a depth of 40 mm (hollow arrow) beneath the front of the breast (two arrows). The images
are obtained by using an 800 nm pulsed laser source and 128 5 MHz ultrasound detectors positioned in a hemispherical
configuration. Imaging reprinted with permission from (126).
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Figure 7 X-ray (a), ultrasound (b) and photoacoustic (c) images of a 50 year old woman with a palpable breast lesion. The
photoacoustic image is obtained with the Twente Photoacoustic Mammoscope (PAM) in a clinical pilot study in 2006. A
1064 nm pulsed laser source is used in a transillumination approach with a planar array of 590 1 MHz ultrasound
detectors. Both the x-ray and ultrasound images were highly suspicious for malignancy. The photoacoustic image also
showed a region with higher signals, indicating a region with higher vascularity. The lesion was histopathologically
determined as an infiltrating ductal carcinoma. Image reprinted with permission from (107).

Table | This Table summarizes the advantages and disadvantages per imaging technique that is described in this review.
*TBD: those properties are yet to be determined.

Table 11 Sensitivity and specificity for diagnostic breast imaging. The performance of the conventional imaging methods,
digital x-ray mammography and ultrasonography, are compared with the performances of dynamic contrast enhanced
magnetic resonance imaging, contrast enhanced digital mammography and contrast enhanced ultrasound. Different studies
are reported to show the high variation in sensitivity and specificity numbers. Sensitivity and specificity numbers for DOI
and PAI are yet to be determined. *Specificity numbers not reported.

Table 111 Sensitivity and specificity numbers for screening for breast cancer in high-risk women. The only vascularization
imaging method that is applied in this context is dynamic contrast enhanced magnetic resonance imaging. Its performance
is compared with that of the conventional techniques: digital x-ray mammography and ultrasonography. *Specificity
numbers not reported.
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