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Abstract 

(1) Background: Breast cancer is the most common cancer in women and a leading cause of death, 

particularly in high-burden countries like the U.S., China, and India. While mammography is the 

standard screening tool, its accessibility is limited in rural and low-resource areas due to cost, 

infrastructure, and workforce shortages. Ultrasound, though useful especially for dense breast tissue, 

faces challenges with operator dependence and inconsistent accuracy; (2) Methods: These challenges 

highlight the need for more accessible, affordable, and operator-independent solutions deployed at 

the primary care level. Tactile Imaging, a non-invasive technology that maps tissue elasticity, offers 

a promising complement to ultrasound ; (3) Results: This review evaluates breast cancer screening 

models and how TI–US hybrid technology can address diagnostic gap through integrating the 

biomechanical advantages of TI such as tissue elasticity mapping with the anatomical detail from 

ultrasound.; (4) Conclusion: The hybrid system enables practitioners to assess lesion elasticity, 

acutance, and mobility key malignancy indicators. While ultrasound identifies structural features 

and fluid-filled cysts, TI quantifies mechanical tissue properties. Together, they reduce false negatives 

(0–6% TI, 1.75% US) and false positives (10–15% TI, 4–10% US), improving diagnostic accuracy and 

confidence. TI–US systems streamline point-of-care workflows, reducing unnecessary referrals and 

enabling earlier detection especially impactful in primary care settings across China, India, and 

similar healthcare environments. 

Keywords: tactile imaging; ultrasound; breast cancer 

 

1. Introduction 

Breast cancer screening is essential for detecting early-stage disease and significantly improving 

patient survival rates [1,2]. especially as breast cancer is the most prevalent cancer among women in 

157 out of 185 countries [3]. Screening guidelines serve as valuable tools for clinical decision-making, 

offering evidence-based recommendations. it underscores the significance of investigating and 

observing medical imaging devices for effective early diagnosis [4]. While many developed countries 

have established screening pathways, there is variation in guidelines regarding screening age, 

methods, and intervals due to differences in institutional evidence and development processes [5]. 

Many countries utilize a triage method for breast cancer screening [6], emphasizing the importance 

of early detection in increasing survival rates [7]. Studies have found that cancer care heavily relies 

on imaging techniques, particularly through screening processes [4]. Before formal screening begins, 

individuals may either perform a breast self-examination (BSE) and, if they notice any concerns, 

consult their general practitioner, or they may be invited to attend a Clinical Breast Examination 

(CBE). 
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1.1. First Stage-Clinical Breast Examination 

The first stage of screening is a clinical breast examination, (CBE). It’s a low-risk, cost-effective 

method for early detection [8],It is recommended following a self-breast exam if any abnormalities 

are detected. Studies have found that CBE can be an important complement to mammography 

(MAM) in the earlier detection of breast cancer [9], as well as detecting cancers missed by MAM 

[10,11]. However, there is insufficient evidence regarding the effectiveness of CBE in reducing 

mortality as a screening tool for breast cancer [11]. Conflicting recommendations and unclear 

guidelines contribute to the controversy surrounding its usefulness [9,12]. However, evidence 

suggests that when a comprehensive and well-executed CBE is performed, particularly by 

physicians, it may achieve mortality outcomes comparable to MAM, despite CBE’s generally lower 

sensitivity [12]. This discrepancy could be due to factors such as inadequate training in CBE 

techniques or discomfort in performing these examinations [9]. 

1.2. Second Stage-Medical Imaging 

1.2.1. Mammography 

The second stage of screening involves medical imaging, with MAM being the initial choice as 

it is widely regarded as the gold standard [13,14], due to its established effectiveness [15] and its 

decreased mortality rates [16] by 22% worldwide [17], reduced treatment morbidity and reduced 

years of life lost by 30% [18,19]. The recommended age for starting MAM screening is 45 in the United 

States and China, while in India, it is 40 to optimize breast cancer management [20–22]. MAM-based 

screening facilitates the earlier identification of breast cancer [18] andhas demonstrated effectiveness 

and proven beneficial for women aged 50-74 years [14,23]. 

However, limitations arise with MAM, especially in cases involving dense breasts or breast 

implants, including silicone [24], which can complicate visual interpretation and lead to errors of 

omission, potentially resulting in the oversight of certain cancers [25] as shown in Figure 1. Despite 

technological advancements, high rates of false negatives and false positives have remained 

prevalent [26], contributing to overdiagnosis, patient anxiety, and the potential for radiation-induced 

harm [27]. False-negative rates for MAM have been reported to range widely, from 8.6% to as high 

as 43.6%, and between 10% to 30% in various studies [28], highlighting a critical limitation of this 

modality [28,29]. 

A false-negative MAM is particularly concerning, as it may falsely reassure patients and delay 

both diagnosis and timely initiation of treatment, potentially compromising outcomes. Nevertheless, 

the considerable diagnostic benefits of advanced imaging techniques outweigh these concerns [30]. 

When abnormalities are detected in MAM, further investigation with ultrasound (US) is crucial, 

particularly for imaging dense breast tissue [31,32]. Given the complexity and risks associated with 

breast cancer, relying solely on MAM is increasingly insufficient. Integrating additional methods like 

MRI, US and emerging technologies such as tactile imaging (TI) offers a more comprehensive strategy 

for early detection [33]. 
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Figure 1. Mammographic comparison of dense vs. fatty breast tissue highlighting how increased density can 

mask potential cancers. In such cases, ultrasound may aid in detection [34]. 

1.2.2. Magnetic Resonance Imaging 

MRI is often used for high-risk patients due to its high sensitivity, especially in detecting cancers 

that may be missed by MAM [35]. The American College of Radiology recommends annual MRI 

screenings for women with a 20% or greater lifetime risk of developing breast cancer, as well as other 

high-risk populations [36]. 

Despite its diagnostic advantages, access to MRI remains limited, especially in low- and middle-

income countries, due to its high cost and dependence on medical insurance coverage, placing a 

substantial financial burden on many women [37]. 

While MRI outperforms MAM, particularly in high-risk breast cancer screening and in women 

with dense, its use in average-risk women is constrained by relatively low specificity constrained by 

relatively low specificity leading to FP rates of 8–17% and FN rates of approximately 0.4% [38,39]. 

These limitations often result in unnecessary biopsies, increased anxiety, and higher healthcare 

expenditures. Moreover, MRI is not optimal for detecting microcalcifications, a key early indicator of 

certain breast cancers, further restricting its utility as a standalone modality [35]. 

In countries such as India, where access to MRI is limited and cost-prohibitive, US is frequently 

employed as a viable alternative for high-risk screening. US is especially valuable for women who 

are not suitable candidates for MRI due to contraindications or limited healthcare access [40]. Its 

widespread availability, affordability, and efficacy in imaging dense breast tissue have made US the 

preferred modality in many high-risk screening protocols across resource-limited settings [41]. This 

strategic use of US, particularly when MRI is inaccessible, enhances the inclusivity of screening 

programs and underscores the need for adaptable, resource-sensitive diagnostic pathways in global 

breast cancer care. 

1.2.3. Ultrasound 

Ultrasound plays a significant role in breast cancer detection and is increasingly recognized as a 

valuable adjunctive screening modality due to its widespread availability, relatively low cost, and 

high patient tolerance [42,43]. As a non-invasive technique free from ionizing radiation, US offers 

real-time imaging with high spatial resolution, enabling detailed visualization of breast tissue 

architecture [44,45]. US is particularly effective in imaging palpable abnormalities, distinguishing 

cystic from solid masses, and identifying suspicious features that may necessitate biopsy [1–3]. 

Moreover, it is highly effective in dense breast tissue, where mammography often underperforms, 
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detecting cancers that might otherwise be missed [49,50]. Its ability to guide biopsies further enhances 

its clinical utility [1–3].  

In terms of diagnostic performance, US exhibits variability across different healthcare settings. 

In the United States, false-negative rates have been reported as low as 1.75%, while false-positive 

rates range from 4% to 10% [51,52], underscoring a generally favourable balance between sensitivity 

and specificity. In contrast, data from China show slightly higher false-positive rates, reported at 

10.4% and 11.6% across different screening cohorts [53,54], likely reflecting differences in 

implementation protocols, operator training, and population characteristics. Participation in 

ultrasound screening programs in China has also varied widely, from 16% to 90%, reflecting both 

regional disparities and growing acceptance of US as a screening tool [55]. 

Despite these advantages, US does have limitations. Its reliance on cross-sectional imaging 

restricts the field of view, and interpretation is highly operator-dependent, introducing potential 

variability in diagnostic accuracy [56]. In low-resource settings such as India and China, US and 

clinical breast examination (CBE) are often employed as primary screening tools due to the limited 

availability and high cost of mammography [57]. In rural areas, these constraints contribute to 

delayed diagnoses and an increasing burden of disease [58,59]. 

Furthermore, the earlier onset of breast cancer in Indian women compared to Western 

populations strengthens the rationale for adopting US as a frontline modality in younger age groups 

[60]. Given its portability, affordability, and diagnostic versatility, breast ultrasound holds significant 

promise not only as a complement to mammography in high-resource settings, but also as a frontline 

screening tool in low- and middle-income countries (LMICs), where its implementation could 

substantially enhance early detection and reduce breast cancer mortality [61]. 

 

Figure 2. Breast cancer incidence and mortality rates per 100,000 population for women and men in the USA 

(333 million) [62,63], China (1.426 billion) [64,65], and India (1.4 billion) [66,67] in 2022. 

Figure 2 presents a cross-country comparison of breast cancer incidence and mortality rates in 

the USA, China, and India (per 100,000 population). The USA records the highest incidence at 86.4 

new cases per 100,000, while China and India report significantly lower rates at 25 and 13.7 per 

100,000, respectively. However, these lower figures should not be interpreted as evidence of a lower 

disease burden. Instead, they likely reflect systemic challenges in cancer detection and reporting. In 

both China and India, limited access to screening, underdiagnosis, and insufficient healthcare 

infrastructure particularly in rural and underserved areas contribute to underreporting of breast 

cancer cases [68,69]. Furthermore, national cancer registries in these countries remain incomplete or 

in early development stages, and many cases go unrecorded or are diagnosed only at advanced stages 

[70]. In India especially, the lack of centralized, up-to-date data makes it difficult to obtain accurate 

national estimates. Cultural factors such as stigma, low health literacy, and fear of diagnosis also 

discourage women from seeking early screening or medical advice, further masking the true 

prevalence of the disease [71]. 
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1.3. Third Stage-Biopsy 

Biopsy is considered the third stage in the process of characterizing breast lesion, typically 

following initial screening and imaging. Once the second stage of screening is complete, patients 

often undergo mammography and breast ultrasound to further assess any detected abnormalities. If 

suspicious features persist, a biopsy is conducted to obtain tissue samples for histopathological 

analysis, using techniques such as core needle biopsy, vacuum-assisted biopsy, fine needle aspiration, 

or punch biopsy [72]. These procedures help confirm malignancy and guide treatment decisions, but 

many biopsies ultimately prove to be unnecessary. This is especially true in women with dense breast 

tissue, where false-positive findings range from 73% to 97% [73–75]. 

It is estimated that over 970,000 breast biopsies performed annually in the United States are 

unwarranted [76]. These high rates of benign outcomes up to 66.8% in some studies not only increase 

healthcare costs but also cause significant anxiety, physical discomfort, and reduced willingness to 

attend future screenings [73,77,78]. Research shows that ultrasound can accurately distinguish 

between benign and malignant lesions, reducing the number of unnecessary biopsies by 34% to 60% 

[79,80]. 

2. Problem Statement 

Despite advancements in awareness and screening technologies, persistent disparities in early 

detection, particularly in rural and underserved regions, remain a major barrier to improving 

outcomes. Conventional methods like mammography, although effective, are often unaffordable, 

unavailable, or impractical in low-resource settings. Ultrasound, a more accessible alternative, is 

limited by operator dependence and diagnostic variability. Similarly, clinical breast examinations, 

though widely promoted in low-income areas, suffer from low sensitivity and inconsistent 

application. 

These challenges underscore the urgent need for cost-effective, portable, and operator-

independent screening solutions tailored to diverse healthcare environments. Tactile imaging, a non-

invasive technique that quantifies tissue elasticity, shows considerable promise when integrated with 

ultrasound in a hybrid diagnostic system. This combined approach leverages the strengths of both 

modalities, TI for objective lesion detection and ultrasound for structural characterization enhancing 

diagnostic accuracy while reducing false positives and minimizing dependence on specialist 

interpretation. 

Importantly, hybrid systems can offer critical diagnostic parameters often missing in current 

imaging models, including absolute elasticity of the lesion, precise location within the breast, 

surrounding tissue characterization, lesion acutance (edge sharpness), and quantification of lesion 

mobility. This review explores the potential of tactile imaging, particularly in combination with 

ultrasound, to address these diagnostic gaps. By evaluating its relevance across high-incidence, high-

burden countries like the USA, China, and India, this paper highlights how hybrid technologies can 

support equitable, early detection and ultimately improve global breast cancer outcomes. 

3. Introduction of Tactile Imaging 

Tactile Imaging (TI) is an evolving medical imaging modality that has shown significant promise 

in both academic research and clinical applications, particularly in the diagnosis of breast and 

prostate cancers [81]. By utilizing arrays of capacitive pressure sensors, TI captures variations in 

contact stress across soft tissues, enabling the detection and evaluation of abnormal tissue stiffness 

an established indicator of malignancy [82,83]. In breast cancer screening, TI functions by generating 

real-time, high-resolution maps of mechanical properties such as elasticity, size, and shape, allowing 

clinicians to distinguish between benign and malignant lesions [84,85].Beyond identifying new 

masses, TI also facilitates longitudinal monitoring of known lesions, providing valuable information 

on structural changes over time. Its capacity to perform quantitative soft tissue differentiation makes 

it a compelling, radiation-free alternative or adjunct to traditional imaging methods [85]. 
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Breast cancer screening practices vary significantly across the United States, China, and India 

countries with the highest global incidence and mortality rates. Differences in healthcare 

infrastructure, rural outreach, workforce capacity, and cultural acceptance shape how and when 

women engage with screening services. 

Table 1 presents a comparative summary of these disparities and contextualizes the potential for 

hybrid TI-US systems to address persistent challenges in access, detection, and diagnostic 

consistency. 

Table 1. Comparison of breast cancer screening modalities, participation, and system-level challenges across the 

USA, China, and India. Highlights disparities in access, detection, and workforce availability. Also outlines the 

potential of TI + US hybrid technology. 

Category USA China India 

Primary 

Screening 
MAM, US, MRI, CBE 

SBE, CBE (rural); MAM, 

US (urban) 

SBE, CBE (rural); MAM, US 

(urban) 

Participation 
MAM 75% (50–74y), 

US 12%, MRI 8% 

Urban MAM/US 70%; 

Rural SBE 65%, MAM/US 

30% 

Urban MAM/US 60%; Rural 

SBE/CBE 25% 

Referral 

post-CBE 
15–20% Urban 15%, Rural 10% Urban 15–20%, Rural 8% 

Detection 

Rate 

MAM 60%, US 

+0.25%, MRI ~1% 

CBE: 0.4% malignant 

(urban) 

Like China; lower rural 

detection 

False 

Positives 

MAM 10%, US 8%, 

MRI 20% 

MAM 12%, US 8%, CBE 

5% 

Like China; rural 

underdiagnosis 

Access 

Challenges 

Lower access for 

uninsured 
Rural infrastructure gaps Rural-urban access divide 

Personnel 

Shortage 
Moderate; rural gaps Severe in rural areas High shortage, esp. rural 

Hybrid TI-

US 

Improves detection, 

lowers FP 0–15% 

Useful for mobile rural 

outreach 

Expands rural screening, 

lowers FP 

Although Tactile Imaging (TI) is a relatively new entrant in the field of breast cancer diagnostics, 

emerging clinical evidence has demonstrated its effectiveness in differentiating benign from 

malignant tissue based on mechanical properties [86]. 

3.1. TI VS Other Imaging Modalities 

To contextualize TI’s diagnostic value alongside established techniques, Figure 3 presents a 

comparative sensitivity versus specificity plot for CBE, MAM, US, MRI, and TI. This visual 

comparison highlights how TI performs within a similar diagnostic range as current gold-standard 

technologies. For instance, MAM demonstrates sensitivity values ranging from 64% to 98% [87,88] 

with specificity between 46% and 93% [60,89]. depending on factors such as breast density and 

screening context. MRI offers high sensitivity ranging from 75.2% to 93% [90,91] and specificity 

between 72% and 97% [90,91] particularly benefiting high-risk populations. While CBE shows high 

specificity (93%–98.6%) [92,93] its sensitivity remains notably lower (6%–58.8%) [92,94] limiting its 

effectiveness for early detection. TI in contrast, exhibits sensitivity levels between 83% and 91.4% 

[95,96] and specificity ranging from 86% to 94% in most reported studies [95,97] positioning it 

comparably with established imaging methods. Although one study reported a lower specificity of 

35% [96], this appears to be an isolated finding and may reflect variation in protocol, device 

generation, or operator experience. Importantly, such limitations can be mitigated through 

multimodal approaches for example, combining TI with ultrasound has the potential to enhance both 

sensitivity and specificity, compensating for individual weaknesses and improving overall diagnostic 

accuracy. Given these strengths and its additional advantages such as portability, affordability, and 
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radiation-free operation, TI holds considerable promise as a clinically viable screening tool, 

particularly in settings with limited access to advanced imaging modalities like MRI and MAM. 

 

Figure 3. Sensitivity vs. Specificity of CBE, MAM, US, MRI, and TI. TI performs comparably to standard methods 

and offers a low-cost, radiation-free alternative. 

3.2. Sensor Technology 

While the clinical potential of Tactile Imaging has been increasingly recognized, it is important 

to note that multiple interpretations and implementations of TI exist [98–100]. Though these 

approaches vary in design and sensor configuration, they all share the fundamental objective of 

differentiating soft tissues based on mechanical response to applied stress, producing a visual or 

quantitative ‘hardness map.’ The effectiveness of TI largely depends on the sensing technology used, 

which governs spatial resolution, sensitivity, and clinical applicability. Table 2 summarizes the 

various sensor types currently integrated into TI systems, highlighting their sensitivity, specificity, 

advantages, and limitations in the context of breast tissue characterization. 

Considering the comparative advantages and limitations of the different tactile imaging sensor 

types, the capacitive sensor emerges as the most practical choice for breast cancer screening 

applications, particularly in primary care settings. Despite challenges such as lower spatial resolution 

and longer scanning durations, its favorable balance of diagnostic performance, independence from 

breast density, and operational simplicity make it well-suited for scalable, primary care deployment. 

Therefore, this paper will focus on the use of capacitive sensor technology for further analysis and 

application development in breast cancer screening. 
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Table 2. Comparison of tactile imaging sensor types for breast cancer screening. Includes technology features, diagnostic accuracy, end users, and application domains. Highlights trade-offs in 

performance, usability, and suitability for low-resource settings. 

Sensor Type System Details Sens Spec Manufacturers/Developers 
Application 

Domains 
Disadvantages Advantages 

Hyperspectra

l TIS [101] 

Hyperspectral imaging detects 

tissue properties via reflected 

light spectra. 

95%[101] 96%[101] 
Emerging startups; 

academic research labs 

Wound healing, 

dermatology, breast 

tissue 

characterization 

Data-intensive; needs 

advanced processing. 

Non-invasive, rich 

data for AI analysis 

Piezo-

resistive 

Sensor [102] 

16×26 grid (416 sensors) 

measures surface deformation 

and stiffness. 

Not data Not data 
Assurance Medical Corp. 

(Hopkinton, MA, USA)[102] 

Breast screening 

(shape and size) 

Limited data; prototype-stage 

testing. 

Accuracy reported 

twice as high as US 

and CBE [103]. 

Capacitive 

sensor  [104] 

16×12 (192) sensors cover 40×30 

mm area. 

34.3% to 

86% [104] 

59% to 94%  

[104] 

SureTouch (Medical Tactile 

Inc., USA); iBE (Siemens 

Medical Solutions, USA). 

Breast cancer 

screening, elastic 

modulus mapping 

 Ccontact sensitivity; limited 

resolution for small/deep 

lesions. [105]. 

Density-

independent; 

portable, low-cost, 

user-friendly. [105]. 

Opto-Electro 

Mechanical 

Sensor [106] 

10×10 array: ccombines optical 

and electro-mechanical 

feedback to detect surface and 

subsurface stiffness variations. 

90.8% 89.8% 
Prototype systems under 

development- Research 

Surface and 

subsurface tissue 

analysis for breast 

Low detection of intermediate 

lesions; limited 2.8 mm spatial 

resolution (pin spacing). 

High sensitivity  

 Piezoelectric 

finger PEF 

PEF 4×1 array: Piezoelectric 

PZT sensors on steel measure 

tissue elastic modulus. [107] 

87%-100% 

[108] 

59% to 94%  

[104] 

Prototype systems under 

development- Research  

Breast cancer 

screening, elastic 

modulus mapping 

Long scanning time (30 

min/quadrant); low spatial 

resolution  [107]. 

Radiation- free, 

portable, low-cost, 

user-friendly[105]. 
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3.2. Current Work 

Tactile imaging (capacitive sensor) has shown considerable promise in breast cancer diagnostics 

by differentiating benign from malignant lesions based on mechanical properties. As a non-invasive, 

radiation-free, and cost-effective modality, TI offers an appealing alternative to traditional imaging 

techniques. Recent research using breast phantoms has compared TI with US, demonstrating that 

while US achieves higher accuracy in lesion sizing, TI provides a faster and more intuitive screening 

experience with broader field-of-view coverage [109]. Figure 6 is a visual representation of how 

ultrasound and tactile imaging provide complementary information with ultrasound showing 

anatomical structure and tactile imaging representing tissue stiffness or elasticity. Ongoing clinical 

trials are assessing TI against clinical breast examinations to evaluate its diagnostic utility in real-

world symptomatic populations [59]. 

 

Figure 6. Ultrasound image (left) and Tactile Imaging output (right) of a breast phantom, illustrating 

complementary structure and biomechanical data[109]. 

Beyond breast applications, TI has been successfully implemented in prostate cancer screening. 

The Prostate Mechanical Imaging system allows clinicians to detect nodules and structural 

irregularities using mechanical feedback, enhancing the sensitivity of digital rectal exams [110]. 

In pelvic floor diagnostics, TI has progressed significantly with the development of hybrid 

tactile–ultrasound fusion systems. A notable integrated 96 tactile and 192 ultrasound transducers to 

simultaneously capture surface pressure distributions and sub-surface anatomical structures. This 

system enables the generation of real-time stress–strain maps during various functional maneuvers, 

including valsalva, voluntary muscle contraction, and relaxation. The fusion of tactile and ultrasound 

modalities allows clinicians to correlate mechanical responses with anatomical landmarks, improving 

localization of functional deficits and enabling objective pre- and post-treatment comparisons. 

Additionally, this hybrid approach minimizes inter-observer variability and supports quantitative 

tracking of biomechanical changes over time, which is particularly useful for monitoring 

rehabilitation or surgical outcomes [111]. 

Building on this concept, this current research applies a similar fusion strategy to the breast. By 

integrating tactile imaging with ultrasonography, the aim is to simultaneously capture mechanical 

and anatomical data mirroring the functional assessment framework used in pelvic floor imaging. 

This hybrid approach is designed to enhance lesion detection and enable differentiation between 

benign and malignant masses, while also supporting longitudinal monitoring of breast tissue 

abnormalities. 

3.3. Future Work 

Current breast cancer diagnostic workflows typically beginning with CBE followed by screening 

MAM are prone to significant inefficiencies. Screening MAM alone can yield FN rates as high as 

43.6% [28], and FP rates ranging from 10% to 60% [28,29] leading to delayed diagnoses, overuse of 

diagnostic resources, and unnecessary biopsies [30]. Participation in diagnostic follow-up imaging is 

variable, and in many cases, over 99% of biopsies yield benign results [90], with only 0.5% confirming 

malignancy. 
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Figure 4. Flowchart illustrating current breast cancer screening pathways in the USA, China, and India, 

highlighting challenges with participation rates, false positive and negative rates, and the high rates of 

unnecessary biopsy referrals. 

To address these issues, we propose a restructured diagnostic pathway incorporating TI and US 

at the primary care level. This model enables objective, real-time mechanical and anatomical 

assessments at the first point of contact. When combined, TI and US have demonstrated the ability to 

reduce FN rates to as low as 0–6% [112], and FP rates by 10–15%, offering immediate diagnostic 

confidence [113]. Notably, TI alone has shown a 23% reduction in benign biopsy rates with no missed 

cancers, and up to 50% reduction with only a 4.6% miss rate [85]. Furthermore, TI has achieved 91.4% 

sensitivity and 86.8% specificity for binary lesion classification [97], metrics that are further enhanced 

when combined with machine learning algorithms trained on large, patient-specific datasets pushing 

diagnostic performance toward 98% sensitivity and 97% specificity [114–117]. 

This hybrid model not only streamlines triage and improves diagnostic accuracy but also 

reduces pressure on specialized radiology services by allowing primary care providers to rule out 

benign cases and monitor equivocal findings under country-specific guidelines. A repeat exam 

within two weeks can serve as a safety net for borderline cases, further improving patient 

management without increasing risk. As illustrated in Figure 5, this shift represents a transformative 

approach to early breast cancer detection particularly in low-resource or high-volume settings where 

timely access and accuracy are critical. 

Current experimental efforts are focused on developing a novel hybrid system that combines a 

capacitive tactile imaging array with an ultrasound probe for enhanced breast cancer screening. This 

approach is designed to integrate the biomechanical advantages of TI such as tissue elasticity 

mapping with the anatomical detail provided by ultrasound. 

By merging data from both modalities, the system enables comprehensive lesion 

characterization through 3D ultrasound imaging enhanced with color-coded elasticity maps derived 

from tactile input. The current prototype is illustrated in Figure 7, showing the integration of a 

PN5420 tactile strip sensor onto the surface of a standard ultrasound probe. The system is mounted 

on a Meca500 robotic arm to maintain consistency across experimental trials. 
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Figure 5. Proposed screening pathway using hybrid TI–US, showing false negative and false positive rates, 

follow-up steps for positive findings, and observation guidelines for negative findings, leading to biopsy only 

when necessary. 

This dual-modality framework addresses key limitations of each standalone technique, 

ultrasound’s lack of stress data, and TI’s limited anatomical depth. The findings from this ongoing 

study demonstrate the feasibility of a fully integrated hybrid device, offering a potential design 

model for scalable, low-cost, and operator-independent breast cancer screening. 

 

Figure 7. A hybrid diagnostic device integrating ultrasound and tactile imaging, mounted on a robotic arm for 

precise, operator-independent breast examination. 

4. Patients’ Outcome 

When considering breast cancer screening methods, the patient’s experience is a critical factor 

especially in primary care settings where comfort, accessibility, and safety drive participation. Table 

3 compares five common screening modalities CBE, MAM, MRI, ultrasound, and tactile imaging, 

including the hybrid TI–US approach based on attributes that matter most to patients: procedure 

time, discomfort, risk of overdiagnosis, safety during pregnancy, and wait times for results. While 

MAM and MRI offer strong clinical accuracy, their high cost, physical discomfort, and limited 

suitability for younger or pregnant women can discourage participation. In contrast, TI and the TI–

US hybrid model offers a more patient-centered approach, with shorter procedures, minimal 

discomfort, and immediate results supporting more equitable access to early detection, particularly 

in underserved communities [118–125]. 
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Table 3. Comparison of breast cancer screening modalities across key clinical and practical parameters, 

including procedure time, discomfort, overdiagnosis risk, and patient suitability. Hybrid TI-US offers a 

favorable balance of speed, comfort, and safety, making it ideal for use in primary care and low-resource settings. 

Metric CBE  MAM MRI US TI  [126] TI and US 

Procedure Duration 15 mins 30 minutes 20-60 minutes 15-30 mins 15 mins 30 minutes 

Discomfort Level / 

Pain Score 
Low 

High (due to 

breast 

compression) 

Moderate 

(contrast 

injection + long 

lying time) 

Low Low low 

Risk of 

Overdiagnosis / 

Overtreatment 

lack of 

research 
17-23% [118] Up to 30% [122] 

Follow up 

diagnostic 

tool [125] 

0-6% [112], 

0-6% [112], 

10–15% 

[113] 

Patient Compliance 

/ Participation Rate 
High 

Variable, 

lower in 

younger 

women 

Lower due to 

cost and 

complexity 

High, 

especially 

in dense 

breasts 

Extensive 

trials are 

needed 

High, 

especially in 

LMICs 

Suitability During 

Pregnancy / for 

Younger Women 

Suitable 
Sensitivity is 

reduced [121] 

Based on 

risk/benefit 

[124] Not 

recommended 

[123] 

Safe in 

pregnancy 

and for 

younger 

women 

Suitable for 

Dense 

breast 

Highly 

Suitable (no 

radiation, 

safe for all 

ages) 

Results 

Referral 

often 

needed post-

exam. [119]. 

2 weeks [120] 2 weeks 1 week Immediate Immediate 

5. Optimizing Screening with TI-US 

5.1. Screening Inequities and Accessibility Gaps 

In the USA, mammography remains the primary screening tool, with participation rates of up 

to 75% among insured women aged 50–74 [5]. However, uninsured or underinsured populations 

remain underserved due to cost barriers, with supplementary modalities like ultrasound and MRI 

largely reserved for high-risk groups [127]. In contrast, China and India face a rural-urban divide 

where advanced modalities like MAM and US are concentrated in urban areas, while rural 

populations rely heavily on SBE and CBE, both of which suffer from low sensitivity and operator 

variability [113]. 

Hybrid solution: 

TI -US imaging offers a low-cost, portable, and user-friendly alternative to traditional imaging, 

making it particularly suitable for use in primary care or mobile settings. When paired with 

ultrasound, this hybrid approach enables both lesion detection (via TI’s measurement of tissue 

elasticity) and characterization (via US imaging). Together, they can reduce dependence on costly 

infrastructure and highly trained personnel making early detection more equitable and scalable in 

underserved areas [128]. 

5.2. Operator Dependency and Diagnostic Inconsistencies 

Across all three countries, CBE’s subjectivity and low reproducibility limit its utility as a primary 

screening method [9,12]. Ultrasound is a more effective diagnostic tool than clinical breast 

examination, but its accuracy is highly dependent on operator expertise, posing a significant barrier 

in settings with limited access to trained professionals. This issue is especially acute in countries like 

China and India, where widespread shortages of radiologists and sonographers undermine the 

reliability and consistency of ultrasound-based diagnoses [129–131]. 
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Hybrid solution: 

TI quantifies tissue stiffness objectively, minimizing the variability seen with manual palpation 

or image interpretation. Its use of pressure-sensor-based imaging allows repeatable, quantitative 

assessment of lesions. When integrated with ultrasound, this system offsets user dependency and 

enhances diagnostic accuracy [128]. Clinical trials have demonstrated that TI can be nearly three times 

as accurate as CBE or standalone US in measuring lesion dimensions and identifying malignancies 

[132]. 

5.3. False Positives and Overburdened Follow-up Systems 

Mammography in the U.S. has a false-positive rate of 10%, rising even higher in women with 

dense breast tissue [6]. MRI, while more sensitive, produces up to 20% false positives [3]. In China 

and India, especially in rural areas, limited access to follow-up diagnostics results in both false 

positives and missed diagnoses, placing additional strain on already stretched healthcare systems 

[133].  

Hybrid solution: 

Tactile imaging has false negative rate of 0-6% [112], been shown to reduce false-positive rates 

by 10–15% by distinguishing between soft benign and firm malignant lesions [113]. This precision is 

crucial in settings where over-referral is not only expensive but also impractical due to capacity 

constraints. When combined with US, the hybrid system enhances specificity, helping to avoid 

unnecessary biopsies and anxiety, while still maintaining high sensitivity [132]. 

5.4. Infrastructure and Cost Limitations 

Establishing mammography facilities is cost-prohibitive in many regions, and MRI remains out 

of reach for most low- and middle-income settings [113]. Even in developed nations like the U.S., the 

cost of repeated imaging and follow-ups is burdensome without robust insurance coverage [127]. 

Hybrid solution: 

Both TI and handheld US are portable, relatively low-cost, and suited for deployment in non-

traditional clinical settings, including mobile clinics and primary care offices. This combination aligns 

well with public health strategies aimed at decentralizing care and reaching populations that 

conventional systems fail to serve. Devices like Baxa a tactile imaging device, demonstrates the 

feasibility of real-time, office-based screening with immediate results making mass screening more 

feasible and impactful [134]. 

6. Conclusions 

Breast cancer continues to pose a significant public health challenge in the USA, China, and 

India, three countries with the highest global incidence rates. Despite advancements in screening and 

medical technology, substantial disparities in access to early detection and treatment persist, 

especially in rural and underserved areas. These gaps are driven by multiple factors, including 

inadequate healthcare infrastructure, shortages of trained personnel, delayed diagnosis, cultural 

stigma, and the high cost of care. As a result, many individuals are diagnosed at later stages, when 

treatment is less effective and survival rates are lower. 

This review underscores the pressing need for screening solutions that are not only clinically 

effective but also accessible, affordable, and scalable. Hybrid diagnostic technologies, specifically the 

integration of ultrasound and tactile imaging, offer a compelling approach to addressing these 

challenges. This device is non-invasive, radiation-free, portable, and relatively easy to operate, 

making it highly suitable for low-resource and remote settings. Tactile imaging complements 

ultrasound by capturing variations in tissue elasticity and pressure response, allowing for more 

accurate identification of suspicious lesions. 

In countries like China and India, where ultrasound is already widely used as a cost-effective 

alternative to mammography which remains too expensive and inaccessible for large segments of the 
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population the addition of tactile imaging can significantly elevate diagnostic performance. By 

enhancing the capabilities of an already accepted and deployed modality, this hybrid approach 

strengthens the accuracy and reach of breast cancer screening, especially in settings where traditional 

infrastructure is lacking. 

By minimizing dependence on highly specialized equipment and expert radiologists, hybrid 

devices can streamline the diagnostic pathway, reduce the time between symptom presentation and 

diagnosis, and increase the efficiency of primary care screening. Their real-time output and ease of 

use also reduce unnecessary referrals, lower recall rates, and improve the quality of care delivered at 

the point of first contact. 

Incorporating tactile imaging into the initial stage of breast cancer screening, particularly within 

primary care settings, presents a transformative opportunity. It eliminates the need for immediate 

referral to advanced imaging centers, which not only reduces healthcare costs but also lessens patient 

anxiety associated with delayed follow-up. This approach enables health systems to better prioritize 

resources toward patients who require more intensive evaluation and care. 

For high-burden countries like the USA, China, and India, the adoption of hybrid screening tools 

could significantly improve early detection rates and treatment outcomes. In rural areas, where 

traditional imaging options are scarce and logistical barriers are high, US and TI provide a 

comfortable and culturally acceptable alternative that may increase participation in screening 

programs. Ultimately, widespread implementation of such technology has the potential to reduce 

incidence-related disparities, save lives, and create a more equitable and effective model for breast 

cancer care. 

Abbreviations 

The following abbreviations are used in this manuscript: 

CBE Clinical Breast Exam 

MAM Mammography 

MRI Magnetic Resonance Imaging 

US Ultrasound 

TI Tactile Imaging 

FN False Negative 

FP False Positive 

PR Participation rates 
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