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Abstract
This work describes the utilization of tumor-specific magnetic nanoparticles together with an alternating magnetic field as a means to
thermally mark a tumor so as to detect it using a thermal imaging system. Experiments were conducted using an in vitro tissue model, an
inductive heating system, and an infrared camera. The thermal images, recorded by the infrared camera during the experiments, were
analyzed using an algorithm that was developed as part of this work. The results show that small tumor phantoms (diameter of 0.5 mm) that
were embedded under the surface of the tissue phantom (up to 14 mm below the surface) can be detected and located, indicating that the
proposed method could potentially offer considerable advantages over conventional thermography and other methods for cancer early
detection. Nevertheless, several issues should be clarified in future studies before the method can be offered for clinical use.
From the Clinical Editor: Tumor-specific magnetic nanoparticles exposed to an alternating magnetic field provide a method to thermally
mark a tumor for detection using thermal imaging systems. In-vitro tissue model experiments demonstrated that tumor phantoms of 0.5mm
up to 14mm below the surface can be detected and located, indicating that the proposed method could offer considerable advantages over
conventional thermography.
© 2010 Elsevier Inc. All rights reserved.
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Cancer is a world epidemic, claiming the lives of more than
500,000 people each year in the United States alone.1 Early
detection of cancer can significantly improve the patient's
chances of survival.2 In most cases cancer is detected using an
imaging method [e.g., mammography, computed tomography,
magnetic resonance imaging (MRI)]. However, there are several
disadvantages associated with the current methods; chief among
these are the lack of sufficient sensitivity and specificity, high
costs, and significant health risks. Therefore, considerable efforts
are being invested to improve the performance of the present
imaging modalities.
Thermography was proposed more than five decades ago as a
cost-effective tool for early detection of breast cancer.3
Thermography can detect cancer according to temperature
differences on the skin surface as a result of the presence of an
embedded cancerous tumor. This temperature increase is
generated mainly by increased metabolism and blood perfusion
in and around tumors4 and can be detected using an infrared (IR)
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camera, which is utilized for remote measurement of the patient's
skin temperature. The thermal images acquired by the IR camera
are analyzed by an expert radiologist so as to detect thermal
patterns that can indicate the presence of an embedded tumor.
The radiologist can also be aided by image analysis tools.
Thermography can offer several considerable advantages4: it
is radiation and contact free, and it is a relatively low-cost
approach. However, thermography has several considerable
disadvantages when compared to other early cancer detection
methods (e.g., mammography), including its relatively low
sensitivity for deep and small tumors,4 its inability to distinguish
tumors from natural qhot spotsq (e.g., local inflammation), and its
reliance as a subjective method on the radiologist's skills to
interpret the IR images. Because of these disadvantages and
other factors, thus far thermography has failed to gain full
acceptance as a primary tool for cancer screening. Numerous
studies have tried to improve thermography performances by
using various image analyses, algorithms, and other approaches,
such as asymmetry analysis5 and dynamic thermography.6
However, tumor-specific thermal markers have not yet been
proposed as a means for improving thermography performance.
The current work suggests using tumor-specific magnetic
nanoparticles (MNPs) as such thermal markers so as to improve
the current tumor detection ability of thermography. MNPs are
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biocompatible particles that are already utilized in various
medical fields including MRI contrast enhancement,7 drug
delivery,8 and local hyperthermia treatment.9,10 These particles
have several unique properties, the one most relevant to the
scope of this work being their ability to generate heat when
subjected to an alternating magnetic field (AMF); this heat
generation is the result of two dominant thermal losses,10 Brown
losses and Néel losses. Brown losses is a term for heat generation by friction as a result of mechanical rotation of the particles
by the AMF. Néel losses is a term for heat generation caused by
rotation of the magnetic moment inside the particle. Other effects
such as “hysteresis losses” and “eddy current losses” are
neglected in this particle size range.
In addition to these unique properties, tumor-specific
targeting of such MNPs for the purpose of local hyperthermia
treatment was demonstrated in numerous in vivo studies. Such
targeted delivery of MNPs to a tumor site could be accomplished
by using one of three main approaches: physical targeting,
passive targeting, and active targeting.11,12 The most relevant
targeting technique for the scope of this work is active targeting,
according to which targeting molecules (e.g., antibodies) are
attached to the surface of the MNP; these molecules have high
affinity to a certain targeting site at the targeted tumor tissue
(e.g., antigen present on the cell membrane) and low affinity to
healthy tissue. As a result, once these particles are delivered to
the patient, they are specifically accumulated at the tumor site.
Shinkai et al. have demonstrated active targeting of MNPs
conjugated with G250 antibody to renal cell carcinoma tumors;
this antibody specifically binds to MN antigen, a known tumorassociated antigen that is overexpressed in many types of human
renal cell carcinoma.13 DeNardo et al. have also demonstrated
active targeting of MNPs to human breast cancer tumor using
111
In-chimeric L6 monoclonal antibody.14 Le et al. have
demonstrated MNP targeting to glioma cells.15
Based on these previously achieved results, the current work
suggests utilizing antibody-conjugated MNPs as a tumorspecific thermal marker. According to the proposed approach,
tumor-specific MNPs will be injected into the patient's
bloodstream as a solution; each particle will be coated with
tumor-specific molecules (e.g., antibodys), so it will have high
affinity for tumor cells. Once the MNP solution has been injected
into the bloodstream, the MNPs will accumulate at the tumor site
(if it exists in the patient's body), while the remaining MNPs will
be removed by the liver. At the next stage the patient will be
subjected to AMF, elevating the tumor temperature by a few
degrees (∼2 K) and creating a local heat source at the tumor site.
As a result, the skin temperature above the tumor will be
changed; these changes will be detected using an IR camera and
will be processed by a dedicated image processing algorithm so
as to indicate the presence of the tumor and estimate its location.
Because the heat source at the tumor site can be activated and
deactivated by external control, it can induce time-varying
patterns on the tissue surface that can be clearly distinguished
from other, constant and nonpathological temperature patterns.
In other words, the MNPs, located at the tumor site, could be
utilized as a “thermal beacon” to detect and locate the tumor;
accordingly, this proposed method is termed thermal beacon
thermography or TBT.
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The specific objectives of this research were (1) to develop a
procedure that detects and locates an embedded tumor inside a
tissue by analyzing temperature changes at the tissue surface, as
were captured using an IR camera during heat source activation;
(2) to verify the proposed approach by using in vitro
experimental setups; and (3) to quantify the proposed approach
performance in term of accuracy, sensitivity, and specificity.
Methods
Experimental setups
To verify the proposed concept and to achieve our research
objectives, we used two separate experimental setups combined
with several different experiment protocols. Both of the setups
utilized an embedded heat source to simulate a magnetically
marked tumor while an IR camera recorded the surface
temperature of the tissue phantom. Experimental setup 1 was
used to accurately and repeatedly simulate a wide range of
possible scenarios; experimental setup 2 provided a more
realistic simulation of one specific clinical situation, utilizing
porcine tissue and MNPs, so as to demonstrate the proposed
tumor detection concept.
Experimental setup 1
This setup allowed an accurate and repeatable simulation of a
wide range of tumor depths and tumor emission power values;
this was accomplished by utilizing an electrical heat source as
tumor phantom and micrometric translation stage for precise
control of the tumor depth (Figure 1). The healthy surrounding
tissue was simulated using a cylindrical glass cup (diameter
70 mm, height 40 mm), which was filled with aqueous gel
(Aquasonic, Parker Laboratories Inc). The gel-filled cup was
covered from the top by a polyurethane film (diameter 0.5 mm).
The magnetically marked tumor tissue was simulated by a 1-kΩ
surface-mounted resistor measuring 1 × 1.5 × 0.4 mm. This
resistor was utilized as a controllable point heat source. The
resistor was connected to a direct-current (DC) power supply by
two 0.1-mm insulated copper wires. The resistor and its wires
were mounted on a 0.6-mm glass fiber (for location of the
resistor inside the gel) and were inserted into the aqueous gel
through a small hole at the bottom of the glass cup. The DC
power value was set to simulate a specific scenario with a
specific tumor volume, MNP concentration, and specific
heat absorption (SAR) of the MNPs. The DC power value is
given by Eq 1:
Pa = S p × V × C

ð1Þ

where
Pa is the amount of dissipated power (in watts, W) at the
tumor site for the specific simulated scenario;
Sp is the SAR of the MNP (W/g);
V is the volume of the tumor (m3); and
C is the MNP concentration (g/m3) at the tumor site.
Table 1 describes several clinically possible heat source
power values for a spherically shaped tumor as a function of
its diameter and SAR of the MNPs. The SAR (Sp) values were
set according to several related studies.9,13,16 The MNP
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was turned on and off by an electromagnetic relay that was
controlled by an input/output (I/O) module (NI USB-6008;
National Instruments, Austin, Texas). The I/O module was
connected to a personal computer (PC) by a USB connection.
The amount of the power emitted from the resistor during the
experiment was set by presetting the DC source voltage. An IR
camera (ThermoVision A40, FLIR, Boston, Massachusetts) was
placed 50 cm above the phantom surface to capture and record its
temperature during the experiments. The IR images that were
captured during the experiments were transferred to the PC by a
FireWire connection and were recorded on the PC hard drive.
The images were later analyzed using MATLAB (Mathworks,
Natick, Massachusetts) application. The experiments were
automatically conducted by a LabView (National Instruments,
Austin, Texas) application.

Total dissipated power at the tumor site, Pa (mW)

Experimental setup 2
The first experimental setup did not simulate the effect of
AMF on a tissue and did not completely simulate the thermal
behavior of the tissue; therefore, a second experimental setup
was used (Figure 2). Experimental setup 2 utilized MNPs and
an AMF generator to simulate a specific clinical scenario. An
industrial 300-kHz, 3-kW inductive heating system (HFI3kW;
RDO Induction LLC, Washington, New Jersey) and a custommade water-cooled coil generated the AMF. The examined
tissue (tissue phantom) was a square of porcine tissue (40 ×
40 × 33 mm) that included 2 mm of skin, 7 mm of subcutaneous fat tissue, and 24 mm of muscle layer. A simulated
magnetically marked tumor (tumor phantom) was prepared by
suspending MNP solution (5 mg/mL, γ-Fe2O3, mean diameter
20 nm) in an agar gel, resulting in a small solid cylinder
(diameter 4 mm, height 3 mm). The tumor phantom was
inserted laterally into the fat layer, 3 mm below the skin surface.
Once the AMF was activated, it induced a temperature increase
of ∼2 K at the tumor phantom location. An IR camera
(ThermoVision A40, FLIR) was placed 50 cm above the tissue
phantom to capture its surface temperature during the
experiment. The camera was connected to a PC by a FireWire
connection. The IR images were recorded on the PC hard drive
and were later analyzed using MATLAB.

Sp = 100 (W/g)

Sp = 400 (W/g)

Sp = 900 (W/g)

Protocol

0.41
3.30
11.15
26.44
51.64

1.65
13.22
44.62
105.76
206.56

3.72
29.74
100.39
237.96
464.76

Figure 1. An actual image (A) and a schematic representation (B) of
experimental setup 1.

Table 1
Total dissipated power at the tumor site for several combinations of SAR
values of MNPs and tumor diameter for spherically shaped tumors as a
function of tumor diameter
Diameter (mm)

1
2
3
4
5

concentration value was set to 7.89 mg/mL, a MNP concentration value that was achieved in an in vivo experiment utilizing
antibody targeting.13
As can be seen in Table 1, the possible heat source power for
tumors smaller than 5 mm ranges between 0.4 and 465 mW;
accordingly, the heat source power values (resistor heat losses),
used during the experiments, were in this values range.
The glass fiber was attached to a vertical micrometric
translation stage, which enabled us to accurately set the resistor
depth inside the aqueous gel. The point heat source (the resistor)

To estimate the performance in term of sensitivity, specificity,
and accuracy as a function of heat dissipation power and tumor
depth, several experimental sets were performed, each set
including numerous individual experiments. Each individual
experiment simulated an individual tumor detection session and
included the following stages:
1. A reference set of images were recorded for 5 seconds,
before the heat source (electrical or magnetic) was
activated.
2. The heat source was activated while the camera kept on
recording the tissue surface temperature for an additional
100 seconds (i.e., data set).
3. The IR images sequence was stored on the PC hard drive
for offline processing by the dedicated detection algorithm
(to be described later).
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Figure 2. An actual image (A) and a schematic representation (B) of experimental setup 2.

4. The heat source was turned off for a cooling period before
the next individual experiment. For both the data and
the reference sets, all captured images were averaged and
stored once every 1 second. This protocol was implemented using a dedicated LabView application.
The following experiments sets were performed:
1. Depth scan experiments set. The purpose of this
experimental set is to determine the dependency between
the tumor depth and the algorithm performance. This set
was performed with experimental setup 1 and included a
series of individual experiment with a tumor phantom
embedded at different depths, ranging from 1 mm to 14
mm with 1-mm intervals, while maintaining a constant
emitted power. This set was repeated for three different
emitted power values: 5, 50, and 400 mW. For statistical
evaluation purpose, 20 separate individual experiments
were performed for each combination of depth and power.
The data obtained for every depth and power combination
were used for evaluation of depth estimation bias and
standard deviation, in addition to tumor detection
sensitivity. The tumor detection sensitivity is defined as
the ability of the detection algorithm to detect the presence
of a tumor in case a tumor is actually present in the tissue;

the tumor detection sensitivity was evaluated for each
specific scenario (i.e., each combination of tumor depth
and power) by dividing the number of times in which a
tumor was correctly detected by the total number of
experiments performed with the specific scenario.
2. Power scan experiment set. The purpose of this experimental set is to determine the dependency between the
emitted power and the algorithm performance. This set
was performed similarly to the depth scan set; however, in
this case the depth remained constant at 1 mm during the
experimental series while the emitted power was changed
from 1 to 5 mW with 1-mW intervals.
3. Specificity test experiments set. The purpose of this
experimental set is to measure the algorithm specificity
by performing 150 individual experiments using experimental setup 1. To simulate a scenario of a healthy tissue
that does not contain any tumor, all of the experiments
were performed without activating the heat source. The
recorded sequences were analyzed using the detection
algorithm so as to detect the presence of a tumor. The
specificity is defined as the ability of the detection
algorithm to determine that a tumor does not exist at the
tissue in case it does not exist. The specificity was
evaluated by dividing the number of times in which the
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Algorithm description

Table 2
High-sensitivity threshold parameter set
Parameter

Value

Ths
Tm

5.63 × 10–3 (K)
0.9

Table 3
High-specificity threshold parameter set
Parameter

Value

Ths
Tm

14.71 × 10–3 (K)
0.9

algorithm correctly determined that a tumor does not exist
inside the tissue by the total number of experiments.
4. AMF experiments set. The purpose of this experimental set
is to provide preliminary concept validation using
experimental setup 2. During the experiment 20 individual
experiments were performed with a 10-minute interval
between each individual experiment. The recorded
sequence data obtained from all of the experiments were
analyzed to detect the presence of a tumor and to estimate
its location. The estimation accuracy (in terms of bias and
standard deviation) and the detection specificity were
calculated in the same manner as described above.
5. Training experiments set and threshold values calculation.
As will be described later, two threshold parameters, Ths
and Tm, were used during the data processing stage to
determine whether or not a tumor exists inside the tissue.
As described in the algorithm overview section, the
parameter Ths represents the minimal local temperature
difference above which a hot spot (a local temperature
peak) is suspected to have originated from a tumor; each
such hot spot is classified by a separate classification stage.
The parameter Tm represents the minimal relative
matching (1, full match; 0, no match) above which a
suspect hot spot is regarded as a hot spot that originated
from a thermally marked tumor.
These threshold values were calculated by a separate
experimental set (i.e., training experiments set) done with several
worst-case scenarios of tumor depth and power. The threshold
values determine the detection algorithm performance in terms of
specificity and sensitivity. Because there is a clear tradeoff
between specificity and sensitivity, two separate threshold sets
of Ths and Tm parameters were used during data analysis:
1. High-sensitivity set. This threshold values set (Table 2)
was calibrated to produce high sensitivity values with
lower specificity values.
2. High-specificity set. This threshold values set (Table 3)
was calibrated to produce high specificity values with
lower sensitivity values.
The selection between high-sensitivity and high-specificity
sets will be made according to the particular clinical considerations and the specific application.

Assumptions
The following assumptions were made for the detection
process:
1. Because the system is designed to detect early-stage
tumors (i.e., tumors smaller than 5 mm in diameter), and
because the temperature pattern at the tissue surface that is
generated by such tumors is substantially similar to a
pattern generated by a point heat source, the tumor was
regarded as a point heat source.
2. The tissue was numerically modeled using numerical
simulation software (COMSOL Multiphysics, Burlington,
Massachusetts). The Pennes bioheat equation (Eq. 2)17
was used as the equation system for this simulation:
kj2 T + qb Cb xb ðTa − T Þ + Qm + Qe = q  C 

AT
At

ð2Þ

where T represents the tissue temperature (K), Ta represents the
arterial blood temperature (K), k represents the thermal
conductivity of the tissue (W/m/K), ωb represents the blood
perfusion rate around the tumor (1/s), Cb represents the blood
specific heat (J/K/G), Cb represents the tissue specific heat
(J/kg · K), ρb represents the blood density (kg/m3), ρ represents
the tissue density (kg/m3), Qm represents the metabolic heat
generation (W/m3 ), and Q e represents the heat generation (W/m3) as a result of external effects (e.g., heat absorption
in MNPs).
1. The thermal properties of the tissue were assumed
according to the relevant literature18 as follows: The
tissue's thermal conductivity k was set to 0.37 (W/m/k) for
the skin, 0.48 (W/m/k) for the muscle layer, and
0.16 (W/m · K) for the fat layer. The tissue's heat capacity
C was set to 3280 (J/K/G) for the skin, 3870 (J/K/G)
for the muscle layer, and 2400 (J/K/G) for the fat layer.
The tissue density ρ was set to 1000 (kg/m3) for all layers.
In the present study the blood perfusion and the
metabolism were set to 0 but can be easily changed for
future in vivo experiments.
2. Heat losses through the tissue surface by evaporation and
convection were neglected.
Algorithm overview
The detection process includes three main stages: preprocessing, hot spot detection, and hot spot classification (Figure 3).
At the preprocessing stage the reference data are averaged
and subtracted from the data. Next, the data are filtered to
eliminate camera spatial and temporal white noises in addition to
slow-changing baseline drift artifact. The spatial and temporal
white noises were filtered using linear filters while the baseline
drift was filtered by estimation and subtraction of the baseline
drift noise.
The resulting preprocessed data reveal hot spots that may or
may not have originated from an embedded tumor. To determine
this, each hot spot is first detected (by the hot spot detection
algorithm) and then classified. If the classification process
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Figure 3. Schematic illustration of the main stages in the detection algorithm.

determines that the hot spot originated from an embedded tumor,
its depth is estimated.
The detection is based on two main features of “true” hot spot
(i.e., hot spot that originated from a tumor): (a) Their peak is
usually a local maximum point at the preprocessed data, and (b)
their peak is usually higher than the peak of other local maximum
points. Therefore, the algorithm searches for any local maximum
point inside the region of interest and marks only the ones with
amplitude values larger than a predetermined hot spot detection
threshold, Ths. The hot spot detection threshold Ths was
predetermined according to the training experiments set
(described above).
The classification and depth estimation is based on
comparison between the hot spot data (as were obtained during
the acquisition) and a set of precalculated numerical predictions
of the surface temperature (calculated using COMSOL Multiphysics); each prediction is calculated for a different tumor
depth. If at least one of these predictions matches the hot spot
data beyond a predetermined matching threshold, Tm, the
algorithm determines that the hot spot originated from an
embedded marked tumor and estimates its depth according to the
prediction that has produced the best matching value. The
matching threshold value, Tm, was predetermined according to
the training experiments set (described above). The matching
value calculation is based on the mean square error criteria and
is calculated according to Eq 3:
P
Mvðd Þ = 1 −

t

wðt Þ 
P

P P
x
t

wðtÞ

2
y ðrð x; y; t Þ −pð x; y; t; d ÞÞ
P P
 x y rð x; y; tÞ2

ð3Þ

where:
Mv (matching value vector) is a vector containing the normalized matching value for each individual predetermined prediction;
r (recorded data matrix) is a three-dimensional matrix
containing the recorder and preprocessed temperature pattern

at a small area around the hot spot peak for every recorded
time slot;
p (prediction matrix) is a four-dimensional matrix that
contains the temperature pattern at a small area around the hot
spot peak for every recorded time slot (t) and for every tumor
depth (d); and
w (weight vector) is a vector containing the relative weight for
each individual time slot. The weight values for earlier time slots
are generally lower than those of the later ones.
To achieve greater accuracy than the prediction depths
intervals, the matching value vector is interpolated. The
estimated depth is then determined according to the location of
the maximum point along the interpolated matching value vector
(Eq 4).
d ̂ = argmaxð Mvi Þ

ð4Þ

where
d ̂is the estimated tumor depth; and
Mvi is a cubic spline interpolation of the matching value
vector (Mv).
Results
Overview
As was predicted by the numerical simulation, the results
shows that the tumor phantom (both the MNPs and the electrical
heat source) have produced an asymptotic temperature increase
pattern at the tissue surface, with a distinct relation between the
tumor depth and the temperature elevation rate at the tissue
surface. In general, shallow tumors produced a more rapid
temperature increase pattern than deeper ones. In addition, the
deeper tumor produced wider area hot spots compared to
the shallower ones; this relation was also predicted by the
simulation. These differences have allowed the algorithm to
detect correctly the presence of the embedded tumor phantom
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Figure 4. Description of several stages during the tumor detection process, including (A) the last time frame at the original capture IR image, (B) the
preprocessed image of the same frame, (C) the temperature of the peak point at the hot spot vs. time for the captured preprocessed data (in blue) and for several
numerical prediction (in red), (D) matching values graph as calculated according to the numerical predictions, and (E) the original image with the location of the
tumor and its depth marked on it. (Note: Degrees K = Degrees C + 273.15.)

and to provide an accurate estimation of its location; Figure 4
describes various stages during such detection and depth
estimation of a 9-mm embedded tumor phantom.
Tumor detection sensitivity as a function of depth
As can be seen in Figure 5, A, the proposed algorithm can
detect an embedded tumor with very high sensitivity for most of
the scenarios (up to 100% evaluated sensitivity). It should be
clarified that these results do not necessarily imply that 100%
sensitivity can be achieved in a practical clinical scenario,
because several factors, such as blood perfusion and human

errors, were not modeled in this experimental setup. The
relationship between the detection sensitivity and the tumor
depth is highly nonlinear, with a distinct threshold depth in
which the sensitivity descend sharply. The results also shows
that the proposed method's tumor detection ability is closely
related to the amount of emitted power; embedded tumors that
emit 400 mW of heat power can be detected as deep as 14 mm
below the tissue surface, whereas embedded tumor that emits
5 mW can be detected only up to 5 mm below the tissue surface.
As can be seen in Figure 5, B, when the “high-specificity”
threshold values were used, the result was a reduction of
∼1–3 mm in the maximal detection depth: 13 mm for 400 mW,
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Figure 5. Tumor detection sensitivity as a function of depth, for the highsensitivity parameters set (A) and high-specificity parameters set (B), each
one for three different cases of heat emission power emitted from the tumor
phantom: 5 mW (black), 50 mW (blue), and 400 mW (red).

6 mm for the 50 mW, and 2 mm for 5 mW. The sensitivity
evaluation values below these maximal depths remained 100%,
meaning that the effect was limited only for the higher range of
tumor's depths.
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Figure 6. Tumor depth estimation (A) and hot spot amplitude (B), both as a
function of depth for three different cases of heat emission power emitted
from the tumor phantom: 5 mW (black), 50 mW (blue), and 400 mW (red).

bias, and standard deviation are sufficient, regardless of the
tumor depth and its power; however, once the amplitude
descends below 5 × 10–2 K, the algorithm performance
declines sharply. The depth estimation bias error could be
corrected (in a future study) by adding an offset value to the
depth estimation according to the measured hot spot amplitude
and other parameters.

Depth estimation bias and accuracy as a function of depth
As can be seen at Figure 6, the depth estimation results for the
high-power scenarios (400 mW) were with relative low bias
values (0.1–1 mm) and good accuracy values (0.1 and up to
0.7 mm SD); however, for the medium and low-power scenarios
(5 mW and 50 mW) there were significant bias values (up to
4.5 mm) and lower accuracy (up to 2 mm SD) for tumors deeper
than 4 mm.
As long as the amplitude is substantially strong (i.e., above
5 × 10–2 K), the algorithm performances in terms of sensitivity,

Tumor detection sensitivity as a function of power
As can be seen in Figure 7, for all cases in which the emitted
power was 3 mW or higher, the tumor was detected at its correct
location for every individual experiment; accordingly, the
sensitivity was evaluated as 100% for these cases. As was
mentioned before, these results do not necessarily imply that
100% sensitivity can be achieved in a practical clinical scenario.
As was noticed in the depth scan experiments, the behavior of the
sensitivity function is also nonlinear, with a distinct threshold
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cases a tumor was not detected; therefore, the specificity was
evaluated as 100%. As was described above, the “cost” of this
improved specificity performance is a reduced sensitivity.
AMF results
The detection algorithm has managed to detect and locate the
MNP-labeled tumor phantom, located 3 mm below the surface,
in all cases for both of the parameter sets (Figure 9), which
indicates a detection specificity evaluation of 100%. The average
hot spot amplitude was 35.3 m · K, the depth estimation bias
was –0.9 mm, the depth estimation standard deviation was
0.445 mm, and the xy location standard deviation was
1.4731 mm. The results of this experiment verify that a
magnetically marked tumor can be detected and located below
the tissue surface using the proposed method.
Discussion

Figure 7. Tumor detection sensitivity as a function of power, for the high
-sensitivity parameters set (A) and for the high-specificity parameters set
(B), both for a tumor depth of 1 mm.

value. The minimal detectable emitted power for the “highsensitivity” threshold values is 1 mW; however, in the case of the
“high-specificity” threshold set, the tumor was detected only for
emitted power of 3 mW or higher.
Depth estimation bias and accuracy as a function of power
As can be seen in Figure 8, the bias and standard deviation
measurements (Figure 8, A) show that the decrease in hot spot
amplitude results in a significant increase in the depth estimation
bias and a reduction in the depth estimation accuracy (up to
1 mm bias and 1.1 mm ± SD).
Specificity test experimental results
For the “high-sensitivity” set, in a total of 148 out of 150
cases, no tumor was detected; accordingly, the specificity was
calculated as 98.66%. For the “high-specificity” test, in all 150

The results show that malignant tumors can be identified
using the proposed TBT approach. The most important
conclusion is the ability of this approach to detect tumors
emitting extremely low thermal power (as low as 0.5 W) in case
the tumor depth is low. As can be seen in Table 1, this thermal
power is equivalent to a sub-millimeter (0.5 mm) malignant
tumor, under achievable parameters of SAR and particles
concentration. This potential detection ability can provide
improvements of several orders of magnitude, compared with
other cancer detection modalities. It also should be mentioned
that in case of low-depth tumors, the effect of blood perfusion
(which was not modeled in the current experimental setup) can
be neglected; therefore, the experiments can serve as a good
clinical feasibility induction for this method.
Another important conclusion concerns the detection specificity of the proposed method. The results show that with correct
parameter selection, the method could offer an extremely
specific detection; the specificity with the “high-specificity” set
was evaluated as 100%. Such high specificity could considerably
reduce the false alarm rate in future clinical applications. It
should be mentioned that the current setup has not simulated all
the expected noises and artifacts that may be present in a real
clinical scenario (e.g., natural temperature fluctuation); therefore,
further investigation should be done for more conclusive
verification of this finding.
Another conclusion concerns the maximal depth at which
small tumors can be detected using this method. The experiments
have demonstrated a detection of tumor phantom simulating a
small tumor (b5 mm) that was embedded at up to 14 mm below
the surface. This was done under the assumption of achievable
SAR and particles concentration. It can be assumed that deeper
tumors at this size range could be detected by utilizing longer
recording time; however, because it reduces the clinical
practicality of the method, this issue was not tested. In addition,
it will probably be possible to detect larger tumors at greater
depths; however, because larger tumors can generally be
detected using conventional methods, the issue was also not
tested. It is important to mention that unlike low-depth tumor, in
the case of deep tumors the blood perfusion plays a more
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Figure 8. Tumor depth estimation (A) and hot spot amplitude (B), both as a function of emission power for a 1-mm embedded tumor phantom.

significant role; therefore, it is important to model it in the
experimental setup and to examine its effect on the detection
ability, in that its effect is currently unclear. On the one hand,
blood perfusion inside and around the tumor removes heat from
the tumor and its surroundings; therefore, it will probably
decrease significantly the hot spot amplitude at the surface. On
the other hand, local temperature increase in the tumor
surroundings can induce a local increase of blood perfusion on
a much wider area; this can lead to a significant temperature
increase at the surface that could be detected by the detection
algorithm. This effect is expected to be significant for depths of a
few centimeters; therefore, it could counteract the negative effect
of heat removal and potentially could increase the method's
ability to detect deep tumors. The role of this hot spot
amplification by blood perfusion should be verified in future
in vivo experiments.
Although tumor-specific MNPs were previously suggested
as MRI tumor markers for cancer detection,19 the proposed
TBT method can potentially perform the detection with
much fewer related costs, as well as shorter exam times
compared with the expensive and time-consuming MRI scan.
In addition, the TBT approach can additionally provide (unlike
MRI) functional thermographic information that can be utilized

as an additional diagnostic indicator for cancer. The low
equipment and operational costs (compared to MRI and other
methods), together with its potential efficacy and safety, can
make the proposed TBT method a good candidate for mass
cancer screening.
In summary, the proposed TBT method could potentially offer
a cost-effective, safe, and sensitive method for early detection of
cancerous tumors. An in vitro detection, using this approach, of
small embedded tumor phantoms was demonstrated. The results
show that the TBT approach can potentially provide a very
specific and sensitive detection of small embedded tumors and
can achieve significantly improved performance as compared
with a conventional thermographic approach. Nevertheless,
additional work is still needed to provide a more profound in
vivo concept validation of this concept before it could be
suggested for future clinical application.
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