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Abstract— Objective: Sentinel lymph node harvesting is an 

essential step in the surgical treatment of a growing number of 

malignancies. Various techniques are available to facilitate this 

purpose. The present study reports a new laparoscopic technique 

for lymph node harvesting using magnetic nanoparticles 

containing a superparamagnetic iron-oxide core and dextran 

coating. This study assesses the clinical relevance of the prototype 

and provides input for further technological development on the 

way to clinical implementation. Methods: A laparoscopic 

differential magnetometer prototype was built, utilizing a 

nonlinear detection principle (differential magnetometry) for 

magnetic identification of lymph nodes. The iron content 

sensitivity, depth & spatial sensitivity, and angular sensitivity 

were analyzed to investigate clinical options. Results: The 

minimum detectable amount of iron was 9.8 μg at a distance of 1 

mm. The detection depth was 5, 8, and 10 mm for samples 

containing 126, 252, and 504 µg iron, respectively. The maximum 

lateral detection distance was 5, 7, and 8 mm for samples 

containing 126, 252, and 504 µg iron, respectively. A sample 

containing 504 µg iron was detectable at all angulations assessed 

(0°, 30°, 60° and 90°).  Conclusion: The laparoscopic differential 

magnetometer demonstrates promising results for further 

investigation and development towards laparoscopic lymph node 

harvesting using magnetic nanoparticles. Significance: The 

laparoscopic differential magnetometer facilitates a novel method 

for sentinel lymph node harvesting, which helps to determine 

prognosis and treatment of cancer patients. 

 
Index Terms—Laparoscopic Differential Magnetometer, 

Laparoscopic surgery, Magnetic detection, Magnetic 

nanoparticle, Sentinel lymph node, SPION 

 

I. INTRODUCTION 

HE importance of lymph node (LN) involvement for 

treatment planning is widely recognized in an extensive 
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number of cancer types. A surgical procedure to detect and 

remove LNs, based on the primary tumor spreading to the first 

draining LNs (sentinel lymph nodes, SLNs, Fig. 1), is the 

current-standard-of-care for treating a variety of cancer types, 

including breast, skin, vulvar, and cervical cancer [1]. The 

effectiveness of SLN-harvesting in abdominal primary cancers 

[2], such as endometrial [3], gastric [4], colon [5], and prostate 

cancer [6], has been the subject of extensive clinical research. 

The SLN principle can be conducted using various tracers 

and detection techniques. Depending on the tumor type and 

stage, the tracer is injected intratumorally or peritumorally, 

before or during the surgery. When injected, the tracer spreads 

from the injection spot through the lymphatic system. 

Depending on halftime and coating, a tracer will be excreted 

by the kidneys, phagocytosed by macrophages, or 

encapsulated by a deposition of plasma proteins [7]. 

Subsequently, intraoperative harvesting of LNs is facilitated 

by LN identification using a tracer-specific detector. 

Currently, radioactive tracers are the most commonly used 

tracers to facilitate LN harvesting [8]. The most notable 

downsides to this technique include radiation exposure to 

patients and medical staff, although minimal, and related strict 

regulations. Furthermore, the radioactive tracer has a relatively 

short decay time, which implies that the moment of injection 

and the subsequent surgery need to be planned within a strict 

time frame. When the intended surgical procedure is delayed, 

the tracer has already lost most/all of its signal and needs to be 

injected again [9-11]. Also, when the radioactive tracer is

 
 

Fig. 1.  Sentinel lymph node principle. Tracer is injected at the primary tumor 
site and spreads throughout the lymphatic system, with the highest 

concentration of tracer in the first draining lymph nodes. 
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injected, structures in the near proximity may be hard to 

identify due to the shine-through effect [12]. Finally, the 

availability of the radioactive tracer is a major problem in 

many countries.  

An alternative to radioactive tracers are near-infrared 

fluorescent tracers, such as indocyanine green (ICG). ICG is a 

marker of lymphatic perfusion, resulting in rapid clearance 

without accumulation in SLNs. Therefore, advanced 

fluorescent tracers, including human serum albumin (HSA), 

HSA800 and quantum dots (QDs), are being developed to 

increase retention and potential accumulation in SLNs [13]. 

By using the dedicated filter (wavelength setting) on the 

laparoscopic camera, the fluorescent tracer is directly visible 

and can be used for LN identification during surgery [14]. 

Nevertheless, drawbacks of a fluorescent tracer are still 

pertinent: leakage during surgery contaminating the view [15], 

no pre-operative imaging, and limited intra-operative 

penetration depth. This can be countered by using a hybrid 

tracer, which is a combination of radioactive or magnetic and 

fluorescent tracers. When using such a hybrid tracer, the 

magnetic or radioactive properties will facilitate pre-operative 

imaging to localize the nodes. The fluorescent signal will be 

used for visual confirmation of the nodes by an infrared 

(laparoscopic) camera. 

This study reports on techniques using magnetic tracers 

consisting of superparamagnetic iron-oxide nanoparticles 

(SPIONs). Provided with a relatively long half time of the 

magnetic tracers [16], they are phagocytosed by macrophages 

and encapsulated by a deposition of plasma. These effects 

contribute to the trapping of the injected tracer inside the LN 

[7]. The main advantages of magnetic tracers are the absence 

of radiation exposure, the lack of regulatory requirements 

related to radioactivity, and the longer shelf-life compared to a 

radioactive tracer. Magtrace® (Endomag, UK) is a 

commercially available CE-marked and FDA-approved 

magnetic tracer for SLN harvesting that is currently used 

clinically for breast cancer patients. The tracer is injected 

intra- or peritumorally, at least 20 minutes before surgery. 

Considering the long half time of magnetic nanoparticles, 

surgery can take place days or even weeks after injection. An 

additional advantage includes the ability to perform 

preoperative imaging using nanoparticle-enhanced MRI, 

enabling MRI lymphography by identifying the hotspot areas 

[17]. 

Magtrace® is licensed to be exclusively used with the only 

available CE-marked and FDA-approved magnetometer for 

SLN detection, the Sentimag® magnetometer (Endomag, UK) 

[18]. This magnetometer utilizes a linear magnetic detection 

mechanism and is developed for open surgery. This 

mechanism makes no distinction between linear and nonlinear 

magnetic signals. Consequently, all magnetic signals in near 

proximity will be detected, including the human body, metal 

implants, and surgical steel instruments. To compensate for 

described possible noise factors, a calibration step is required 

to remove linear contributions. This calibration needs to be 

executed before starting every individual measurement. The 

size, frequent calibration and magnetic disturbances make 

linear detection unsuitable for laparoscopic surgery, which is 

the current-standard-of-care for most abdominal cancers. 

The future generation magnetometers assess magnetic 

nanoparticle response to an external magnetic field in a 

nonlinear mode [19, 20]. These nonlinear magnetometers are 

tailored to detect only the nonlinear signal of the injected 

SPIONs, making a calibration step before measuring and the 

use of plastic instruments obsolete. Some of these 

magnetometers have been developed especially for 

laparoscopic surgery, including one reported by Kuwahata et 

al. [19], and the laparoscopic differential magnetometer 

(LapDiffMag) presented in this study. The LapDiffMag is  

based upon the nonlinear differential magnetometry (DiffMag) 

principle [20]. An excitation coil is used to activate the 

magnetic nanoparticles with a combination of an alternating 

magnetic field (1–10 kHz) and a pulsating static magnetic 

field. Detection coils are used to measure magnetization of the 

magnetic nanoparticles. By calculating a difference in 

amplitude of parts of the signal, with and without the static 

magnetic field, the nonlinear signature of the magnetic 

nanoparticles is measured. This results in a number, shown on 

a screen, and an audio signal, which is representative of either 

the amount of particles close to the probe or the distance 

between the probe and the sample.  

For laparoscopic surgery, the diameter of the magnetic 

detection probe is limited. Since the diameter of a coil 

determines its depth sensitivity (Biot-Savart law),  the 

excitation coil was separated from the probe, as shown in Fig. 

2 [21]. Separation of coils is only possible by using nonlinear 

magnetic detection. The excitation coil was enlarged and 

placed beneath the patient. Based on this principle, we have 

built a laparoscopic prototype, the LapDiffMag, and have 

assessed its usability with regard to clinically-relevant 

requirements, in terms of sensitivity to iron content, depth, 

lateral distance, and angulation. 
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Fig. 2.  Left: the magnetometer setup for open surgery (in green, the excitation coil and in blue, the detection coil). Right: the magnetometer setup with separated 
coils. 

II. MATERIALS AND METHODS 

A. The Laparoscopic Differential Magnetometer 

The LapDiffMag presented in this study consists of three 

main parts: an excitation coil, a detection probe, and a 

control unit, as shown in Fig. 3. The dimensions of the 

control unit are 0.5 m x 0.5 m x 1.5 m (length x width x 

height), the weight is 40 kg, and it is placed on wheels. The 

excitation coil consists of the two parts that are needed for 

DiffMag detection: one to apply the alternating magnetic 

field and one to apply the static magnetic field. This coil 

has an outer diameter of 27 cm, a height of 1 cm and is able 

to excite LNs up to 20 cm above its surface [22]. The 

excitation coil is shielded to meet electrical safety 

requirements (insulation of high voltage) and is placed 

underneath a mattress for patient comfort. The detection 

probe consists of a set of two compensation coils and a set 

of two detection coils, both in a gradiometric configuration. 

This arrangement enables compensation of the 

inhomogeneous excitation field [22]. The current 

dimensions of the detection probe (length = 45 cm, 

diameter = 10.5 mm) allow the use of a sterile sleeve 

through a standard 12 mm trocar. Details of the detection 

probe are shown in Fig. 4. Besides the coils, the probe 

contains a printed circuit board for signal filtering and 

amplification. The control unit contains all electronics for 

system control and data procession, including: two power 

amplifiers (one for the AC field (Servowatt VM200/48A 

48V/4A) and one for the DC field (AE Techron 7228)), and 

a data acquisition card (NI cDAQ 9178 chassis with three 

modules: NI 9215, NI 9251 and NI 9263). Furthermore, it 

contains a transformer (or compensation coil) to 

compensate for interaction (mutual inductance) between the 

AC and DC excitation coils. Without this transformer, the 

AC excitation coil will induce a current in the DC 

excitation coil, leading to overloading of the DC power 

supply. The transformer consists of three coils (two AC on 

the inside and outside and one DC in the middle) with equal 

mutual inductance to the excitation coils. 

 

B. Experiments 

The performance of the LapDiffMag detection probe, in 

terms of sensitivity to iron content, depth, spatial 

sensitivity, and angularity, was tested in three experiments, 

as shown in Fig. 5. The liquid sample containing magnetic 

nanoparticles (28 mg(Fe)/mL, Magtrace®, Endomag, UK) 

in a plastic (polypropylene) microtube, was placed in a 

wooden holder to avoid magnetic influences. Due to the 

size of the plastic microtube and surface tension, the 

magnetic tracer stays in the tip of the microtube when 

placed upside down. At the location of the sample (centrally 

to the excitation field and 5 cm above the surface of the 

excitation coil), the particles undergo an alternating 

magnetic field with an amplitude of 0.2 mT at a frequency 

of 2525 Hz and an additional static (pulsating) magnetic 

field with a strength of 3.3 mT. The detection probe was 

controlled using a robotic arm (Meca500, Mecademic inc., 

Canada). 

The DiffMag signal is measured 20 times per acquisition 

(10 seconds), meaning the signal is updated every 0.5 

seconds. Each acquisition was repeated five times to assess 

the repeatability. A baseline signal is acquired without 

sample (empty coil). To increase the robustness of the 

detection, 100 individual DiffMag signals were 

preprocessed in order to remove all signals that deviated by 

more than 1 standard deviation from the average. The 

remaining signals were used to calculate an average 

DiffMag signal for both the empty coil (background noise) 

and the sample acquisitions. A detection is considered in 

cases where the average minus one standard deviation of 

the DiffMag signal exceeded the system noise. 
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Fig. 3.  LapDiffMag situated in an operating room. The excitation coil is shown in green, the detection probe in blue, and the control unit in yellow. The number 

(42), shown on the screen, and the pitch of the sound represent either the amount of particles close to the probe or the distance between probe and sample.  

 
 

 
 

Fig. 4.  Details of LapDiffMag. a) shows the complete setup, where the detection probe is placed in a trocar. b) shows the outside of the detection probe. c) shows 
the inside of the detection probe: a printed circuit board and a holder with the detection and compensation coils. 

 

 
Fig. 5.  Summary of experiments. a) Samples containing various amounts of iron were measured to determine the sensitivity of the probe. b) The lateral and 
longitudinal distance between probe and sample were varied to determine depth and spatial sensitivity of the probe. c) A sample was measured under various 

angles to determine angular sensitivity of the probe. 
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In the first experiment, the iron content sensitivity was 

tested for 12 Magtrace® samples with various iron 

quantities (2.8, 5.6, 7, 9.8, 14, 28, 42, 56, 84, 112, 252, and 

504 µg iron). The four largest samples consisted of varying 

volumes of pure Magtrace® (28 mg(Fe)/ml), the eight 

smallest samples consisted of varying volumes of ten times 

diluted Magtrace® (2.8 mg(Fe)/ml). Signals were acquired 

at a distance of 1 mm from the tip of the detection probe, as 

shown in Fig. 5a. 

In the second experiment, the depth and spatial 

sensitivity were tested for three Magtrace® samples 

containing 126, 252, and 504 µg iron at various depths and 

lateral distances, as shown in Fig. 5b. The depth was varied 

between 1 and 11 mm, in 11 steps. The lateral distance was 

varied between 0 and 10 mm, in 11 steps. Since the 

detection probe is symmetric, these measurements represent 

the DiffMag signal in all axial directions. 

In the third experiment, the angular sensitivity was 

tested. The probe (and sample) were placed at an angle with 

respect to the excitation coil, as shown in Fig. 5c. The 

DiffMag signal for a sample containing 504 µg iron was 

acquired at angles of 0°, 30°, 60°, and 90°. 

C. Simulations 

To further explore clinical usability of the LapDiffMag, 

magnetic fields generated by the existing excitation coil and 

a simulated one with a larger magnetic field volume were 

compared. The magnetic field generated by these coils was 

simulated using SOLENO; a magnetic field and inductance 

calculation package developed at the University of Twente 

[23]. The parameters used for simulation of the coil are 

shown in Table 1. The outer diameter of the simulated coil 

does not exceed the width of a standard operating table. 

Both parallel (R) and perpendicular (Z) field components 

were calculated at various locations. 

 

III. RESULTS 

The DiffMag signals of samples containing various 

amounts of iron are shown in Fig. 6. The smallest sample 

detected contains 9.8 µg iron. 

Measurements at various depths and lateral distances 

between sample and probe are shown in Fig. 7 for all three 

samples. The smallest sample (126 µg) was detectable at a 

depth of 5 mm and a lateral distance of 5 mm. The sample 

containing 252 µg iron was detectable at a depth of 8 mm 

and a lateral distance of 6 mm. The sample containing 504 

µg iron was detectable at a depth of 10 mm and a lateral 

distance of 8 mm. 

 
Fig. 6.  Measured DiffMag signals for Magtrace® samples with various 

iron contents (2.8, 5.6, 7, 9.8, 14, 28, 42, 56, 84, 112, 252, and 504 µg 
iron) are shown as blue stars. Error bars show ± 1 standard deviation. The 

red line shows the average of 65 empty coil measurements. The inset 

shows a magnification of the first four samples (2.8, 5.6, 7, and 9.8 µg). 

 

TABLE I 
SIMULATION PARAMETERS LARGER EXCITATION COIL 

 INNER 

DIAMETER 

OUTER 

DIAMETER 

HEIGHT RESISTANCE CURRENT VOLTAGE SELF-

INDUCTANCE 

DC part 240 mm 480 mm 95 mm 6.3 Ω 8.0 A 50.4 V 475 mH 

AC part 240 mm 480 mm 25 mm 1.6 Ω 2.4 A 3.8 V 41.5 mH 
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Fig. 7.  Measured DiffMag signals for three Magtrace® samples containing 126, 252, and 504 µg iron at a fixed location in the excitation field while the probe 

was moved in a longitudinal and lateral direction in steps of 1 mm. Error bars show ± 1 standard deviation. The red line shows the average of 55 empty coil 

measurements. 

 

 
Fig. 8.  Measured DiffMag signal for a Magtrace® sample containing 504 

µg iron (blue) and empty coil measurements (red) at a fixed location in the 

excitation field while the probe was angulated (0°, 30°, 60°, and 90°). 
Error bars show ± 1 standard deviation. 

 

The DiffMag signal for a sample containing 504 µg iron 

measured under various angles is shown in Fig. 8. The 

sample was detectable under all angles (0°, 30°, 60°, and 

90°). 

The simulation results are shown in Figs. 9 and 10. Fig. 9 

represents the measurements under a 0° angle. It can be 

seen that the field volume is much larger for a larger  

simulated coil. The field strength used for the 

measurements shown in Figs. 6-8 is marked as a white line 

in Fig. 9. When measuring on the central axis of the 

excitation coil, the results of the existing coil at 5 cm 

distance are equal to results at 30 cm distance with the 

simulated coil. Fig. 10 shows a vector map indicating  the 

direction of the magnetic field produced by the coils. It can 

be seen that the field lines bend around the coils. 

 
Fig. 10.  Vector map of field produced by existing and simulated AC and 

DC coils. Vectors are all scaled to the same length and only represent the 
direction of the field. 
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Fig. 9.  Magnetic field in Z direction (perpendicular to coil) for the presented AC and DC excitation coils (left) and simulated larger AC and DC coils (right). 

Values at color bar represent field strength in mT. White line shows the field strength where measurements presented in Figs 6-8 were performed. 

                       

IV. DISCUSSION 

This study presents the first results characterizing the 

laparoscopic differential magnetometer (LapDiffMag) with 

respect to amount of iron, detection depth, lateral distance, 

and detection angle. In a clinical application, the detection 

will be simultaneously influenced by all four factors. A fifth 

factor is the distance between the SPIONs and the 

excitation coil (an increased distance corresponds with a 

lower signal). During the study, this distance was kept 

constant at 5 cm in order to focus only on the properties of 

the detection probe. In the future, building the simulated 

coil will enable clinical use of the system.  

Much is still unknown about the spreading of magnetic 

tracers in the lymphatic system, making it difficult to 

determine strict requirements for a magnetometer with 

respect to sensitivity. However, one study reports that a LN 

typically contains 140 ± 80 µg iron for breast cancer 

patients, after injecting 1.6 mL Resovist (28 mg(Fe)/mL) 

[24]. The minimum iron sensitivity of 9.8 µg for the 

LapDiffMag is sufficient to detect LNs directly positioned 

in front of the probe. Comparing this to the sensitivity of 

our previous published prototype (25 µg iron, [22]) shows a 

sensitivity improvement, despite the significant decrease in 

probe diameter from 17 mm to 10.5 mm (a decrease in 

probe area of a factor 2.6). With increasing lateral or 

longitudinal distance between sample and probe, the 

detection rate decreases.  

Spatial sensitivity in this study was 10 to 16 mm, which 

is in the range of the probe diameter (10.5 mm). This means 

that LNs can only be successfully detected when the probe 

is directly aimed at the LN. The advantage of this narrow 

spatial sensitivity is that it is easier to distinguish the 

relevant LNs in close proximity or those close to the 

primary tumor (injection spot). Therefore minimizing the 

shine-through effect compared to a radioactive probe, 

which has a spatial resolution of 17-91 mm [25].   

An important advantage of magnetic tracers is that they 

also facilitate preoperative MRI lymphography, which is 

beneficial for LN identification using magnetic 

nanoparticles [26]. The clinical concern that magnetic 

nanoparticles might lead to long-lasting artefacts hampering 

diagnostic MRI can be reduced or even prevented by 

choosing an adequate dose, injection site (in tissue that is 

surgically removed), and MRI sequence [27, 28]. Although 

the magnetic tracer is still being researched and improved, 

it is already an interesting alternative due to lower costs, 

user friendliness, and preoperative MRI possibilities.  

The magnetic tracer used in this study (Magtrace®) is 

CE-certified/FDA-approved only for joint use with the 

Sentimag®. To advance clinical research and development 

of new magnetic detectors, it would be beneficial to have a 

certified system-independent magnetic tracer. This is also a 

prerequisite for clinical use of the LapDiffMag system. 

The LapDiffMag used in this study is a nonlinear 

magnetometer with the capability to compensate for noise 

caused by linear media. For example, the diamagnetic 

human body, ferromagnetic metal implants, surgical steel 

and the ferromagnetic operating table can be compensated 

using an active compensation algorithm. This algorithm 

does not affect the DiffMag signal, since it is nonlinear. In 
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linear magnetometry, such a compensation algorithm would 

also compensate the magnetic nanoparticle signal, rendering 

it impossible to use separated excitation and detection coils. 

Although the LapDiffMag signal decreases while 

increasing the angle of the detection probe with respect to 

the excitation coil, the particles were detectable at all angles 

between 0° and 90°. During laparoscopic surgery, the 

camera and instruments are usually handled at angles 

between 20 and 70 degrees relative to the vertical axis, 

implicating the angles 0° and 90° are rarely used. Even 

though the number of counts will decrease under an angle 

for most magnetic signals, the particles will still be 

detectable which enables successful sentinel lymph node 

harvesting.  

One other promising nonlinear laparoscopic 

magnetometer was described in the literature by Kuwahata 

et al. [18]. This study showed the feasibility of 

laparoscopically detecting gastric LNs with a magnetic 

tracer in a porcine model. It also confirmed the possibility 

of measuring with surgical steel in close vicinity to the 

detection probe, due to the nonlinear magnetic principle 

used. The probe shaft of this magnetometer has a diameter 

of 12 mm. Even though both probes can be used with a 12 

mm trocar, the probe presented in this study (10.5 mm) 

facilitates the use of a sterile sleeve. An additional 

advantage of the LapDiffMag is the external excitation coil 

which is placed beneath the patient and can be shielded to 

prevent injury due to heating and to increase electrical 

safety. The Kuwahata-probe contains an excitation coil 

generating an alternating magnetic field which generates 

heat. Because there is a trade-off between the magnetic 

field used and the temperature generated, increasing 

sensitivity and detection depth will need further increase in 

field strength and will inevitably lead to probe heating. 

Furthermore, a prospect to improve detection sensitivity 

of LapDiffMag includes increased magnetic field strength. 

The improvements illustrated in the simulation experiments 

increase coil size and consequently enlarges field-of-view 

(area where LapDiffMag can successfully detect magnetic 

nanoparticles). Consequently, a higher sensitivity and 

increased detection depth is expected, since the DiffMag 

signal is directly related to the field strength. To further 

increase sensitivity of the LapDiffMag, frequency of the 

AC magnetic field and the AC/DC field strength ratio will 

be optimized.  

V. CONCLUSION 

The LapDiffMag, using a nonlinear detection principle, 

demonstrated promising first results in terms of sensitivity 

to iron content, depth, spatial sensitivity and angularity. 

With this in mind, the magnetic route is promising as an 

alternative to the radioactive technique and as an addition to 

the fluorescent technique for laparoscopic surgery. 

 

VI. RECOMMENDATIONS 

Prior to clinical implementation of the LapDiffMag, the 

following technical developments are necessary. Firstly, the 

excitation coil needs to be improved. The sample location 

used in this study is ideal for the present hardware. Even 

though LNs can be excited up to 20 cm from the surface of 

the coil, the excitation field (and therefore the DiffMag 

signal) decreases rapidly with increasing distance [20]. In 

practice, the coil must be shielded, and a mattress is needed 

for patient comfort. This means that only LNs that lie a few 

cm from the back of the patient can be measured. 

Consequently, for meaningful clinical implementation in 

laparoscopic surgery, an increased excitation area (at least 

30 x 30 x 30 cm) is required. To enlarge the area where 

SPIONs can be detected, a larger excitation coil is needed. 

Eventually the LapDiffMag will be used for real-time 

SLN harvesting. To enable this, two software updates are 

needed. The length of one DiffMag sequence can be set to 

200-250 ms to match the human reaction time to visual 

stimuli. Also, active compensation can be performed during 

a continuous DiffMag measurement by calculating the 

amplitude of the first DiffMag sequence and use this to 

update the compensation coil signal. 

Furthermore, the angular sensitivity of the LapDiffMag is 

an important feature that needs comprehensive evaluation 

(measuring multiple samples under various angles) in terms 

of angles typically used during laparoscopic surgery.  

A final important aspect to this system is the magnetic 

tracer. Currently, there is only one CE-marked and FDA-

approved tracer available (Magtrace®, Endomag, UK). 

There are many experimental tracers available with superior 

magnetic performance demonstrated in laboratory 

conditions.  When clinically available, these tracers will 

increase the effectiveness of the procedure by increasing 

detection sensitivity in terms of detection of smaller 

amounts of tracer and improved detection depth. 
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