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ABSTRACT 

 Magnetohydrodynamic voltages (VMHD), induced from the interaction between blood flow 

and an external magnetic field, have been shown to be a useful physiological monitoring metric. 

VMHD was first observed in intra-MRI ECGs and can be a predictor of blood flow. An adaptive 

filtering method was developed to try and obtain better ECGReal by utilizing an isolated VMHD 

source, and a Gadolinium choke was created to better adapt physiological monitoring technology 

for use in MRI. A smartphone-enabled portable device was prototyped to induce and measure 

VMHD outside of the MRI, which offers a low cost, easy-to-use alternative to current methods of 

peripheral blood flow quantification. Finally, a phantom setup was constructed to explore 

contributing factors to induced VMHD in a more controlled environment. Future work will continue 

to explore the different factors of VMHD and test the developed technologies on larger patient 

groups.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 Magnetic Resonance Imaging (MRI) has been a staple diagnostic tool since it was posited 

as an extension of the existing Nuclear Magnetic Resonance (NMR) technique. Though the 

technology provides very high resolution and contrast of soft and hard tissues, there are challenges 

in its clinical use. The static magnetic field generated creates an environment where many of the 

current technologies utilized by clinicians, such as physiological monitors, are not viable. 

One such physiological monitor is the electrocardiogram (ECG), an important diagnostic 

tool that shows the electrical activity of the heart, which allows clinicians and researchers to 

observe the condition of the heart. The ECG is a plot of voltage over time, showing the electricity 

generated by the heart over time.  This means that the voltage changes observed in the ECG are 

indicative of the different parts of the cardiac cycle.  

 The cardiac cycle begins with the pumping of deoxygenated blood through the contraction 

of the right atrium into the right ventricle. The right ventricle then contracts and pumps the blood 

through the pulmonary artery into the lungs to become oxygenated blood. The oxygenated blood 

then flows back to the left atrium, which contracts to pump the blood into the left ventricle. Finally, 

the left ventricle contracts to expel all of the oxygenated blood into the aorta. 

By convention, the main points of the ideal ECG waveform have been labeled by the letters 

P, Q, R, S, and T (Fig. 1). The P-wave indicates the start of the cardiac cycle, showing the voltage 

spike as the atria depolarize, contracting and pushing blood into the ventricles. The QRS complex, 

the largest, most prominent voltage spike of the ECG waveform, shows the electrical activity as  
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Figure 1.1: Diagram of a Single Lead Electrocardiogram 
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the ventricles depolarize, causing contraction and pumping deoxygenated blood to the lungs and 

oxygenated blood to the rest of the body. Finally, the T-wave corresponds to the repolarization of 

the ventricles, the relaxation and resetting for the next cardiac cycle. Atrial repolarization occurs 

as the ventricles depolarize, so the electrical activity is normally masked by the QRS complex.  

 In the field of Cardiac Magnetic Resonance (CMR), the most important tool to adapt for 

MRI compatibility is the ECG. ECG is utilized in cardiac gating, a technique developed to obtain 

motion-artifact-free cardiac images. Cardiac gating enables the MRI to synchronize the powering 

of the imaging coil to synchronize with the beating of the heart, to generate a clear image of the 

heart. Having clear intra-MRI ECG also allows for physiological monitoring of the patient, 

providing useful metrics for clinicians while also maintaining patient safety, which is paramount 

in human trials.  

 The main obstacle in obtaining clear intra-MRI ECG is the interaction between the blood 

flow and the static magnetic field of the MRI, most notably in the aortic arch [1, 2]. This 

interaction, the magnetohydrodynamic (MHD) effect, is the result of a Lorentz force, created by 

the charged blood (current) flowing perpendicularly to the field lines of the MRI’s magnetic field. 

The force pushes the charged particles in the blood to a side of the vessel, creating a charge 

disparity, which registers as a voltage spike on the ECG. This voltage spike (VMHD) is overlaid 

onto the ECG signal trying to be measured, resulting in a noisy signal that does not have many of 

the defining characteristics clinicians look for in the ECG waveform.  

In mathematical terms, the MHD effect can be modelled by a simplified equation: 

 𝑉"#$ = 𝐵𝐿𝑢 (1.1) 

where u is the flow velocity, B0 is the magnetic field strength, and L is the distance between 

electrodes, under the assumption that all the vectors are all orthogonal and uniform[3]. In the 
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case of intra-MRI ECG, the blood flow through aortic arch is perpendicular to the field lines of 

the MRI, causing a large VMHD to be induced as blood is sent through the aortic arch, which 

occurs around the S-T segment and T-wave of the MRI. As an ECG measurement is a potential 

difference measurement, the induced VMHD from all vessels oriented properly in reference to the 

magnetic field can contribute to the voltage measured between the two electrodes, such as in the 

case of the pulmonary artery, which also has blood flowing perpendicular to the magnetic field. 

However, due to the sheer size of the aorta compared to other vessels in the area, it can be called 

the main contributor to the induced VMHD, while the contribution of the other vessels can be hard 

to even observe or validate.  

 Many recent studies strive to obtain clean ECG in intra-MRI conditions. In Tse et al., both 

hardware radiofrequency (RF) filtering and an adaptive software filter were used to eliminate noise 

from the intra-MRI ECG signals, yielding a less than 0.5mV peak-to-peak difference in ECG trace 

noise[2]. The study also noted the effect of RF noise on intra-MRI signals, which was combatted 

through use of shielded cables and ferrite chokes once the cables were outside of the 5-gauss line 

of the MRI. Another study conducted by Zhang et al. sought to remove noise from gradient-

induced voltages through an equation giving the electric field, consisting of 19 coefficients derived 

from a linear regression of recorded data[4].  

 However, an interesting point came up in the discussion of the Tse et al. study, noting that 

the MHD voltage taken from the intra-MRI ECG could be potentially used to estimate stroke 

volume, which normally requires velocity encoded phase contrast (PC-MR) images to calculate in 

post processing[2]. Another study conducted by Nijm et al. gave a method for extracting the MHD 

voltage from intra-MRI ECG. 30-second ECG readings were taken both outside and inside the 

magnetic field of the MRI. The baselines of the signals were matched thorough high-pass filtering, 
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and QRS complex detection was used to sync up individual heartbeats. The two were then 

subtracted to yield the MHD voltage[3]. Now with a reliable method to isolate the MHD voltage, 

researchers could validate the correlation between stroke volume and the MHD voltage.  

 To test this theory, first it would make sense to create a model of the MHD voltages 

produced. In a study by Oster et al., three different models of MHD interactions with the 

aorta/aortic arch were examined[5]. The proposed model using 4D blood flow from PC-MR 

images was compared to both a theoretical model using the Navier-Stokes equation (using 

simplified assumptions such as a rigid vessel) and a geometric model using numerical analysis. 

The proposed model showed marked improvement in correlations (+5%), coefficient of 

determination (+1%), and fraction of energy (+22%) when compared to the “best previous 

model”[5]. While the proposed model only focuses on MHD contributions from the aortic arch, 

ECG was recorded in the thorax and therefore the assumption was viable. 

  This observation and correlation of VMHD to stroke volume in a large patient study finally 

occurred in the work of Gregory et al [6]. VMHD was obtained from the vectors of a 

vectorcardiogram (VCG), extracted using the subtraction methods from VCGs taken over 20-

second breath-holds during elevated heart rate from exercise stress and after relaxation. In seven 

subjects, the VMHD was used for subject-specific multiple-linear-regression (MLR) models of 

stroke volume; these models were validated with PCMR images of blood flow. Results showed a 

7.22% error in SV estimation at elevated HRs and 3.69% error when relaxed through the aortic 

arch, showing a strong relationship between the stroke volume and measured VMHD in the aorta. 

 However, the current methods of VMHD extraction rely greatly upon the assumption that 

ECGReal does not vary between the baseline ECG outside of the MRI bore and the intra-MRI ECG. 

A new methodology, using a pure source of VMHD from the carotid artery as an input for a least 



 

6 

means square (LMS) adaptive filter, was devised to obtain ECGReal. This project yielded a two-

fold goal: (1) a different method for ECGReal extraction from intra-MRI ECG, which could be 

implemented for better VMHD noise removal in cardiac gating systems, and (2) a separate pure 

source of VMHD on the body that could be further studied for its relation to stroke volume. The 

author implemented a 5-subject study to validate the use of the carotid VMHD source as a “pure” 

VMHD source and its ability as a LMS adaptive filter input to remove VMHD noise from 12-Leads 

of intra-MRI ECG (Chapter 2).  

 An overarching issue that plagued has plagued the Medical Robotics Lab at UGA’s 

research into intra-MRI ECG has been the modified MRI conditional ECG recorder being used for 

data acquisition. Commercial MRI-compatible ECGs are meant for diagnostic and monitoring 

purposes, and thus contain excessive filtering in order to create a signal usable by clinicians; 

however, when the research being done is investigating the noise induced in intra-MRI ECGs, such 

a system is not viable. The current MRI-Conditional ECG was limited in its uses in the MRI; 

specifically, no data acquisition could be done during scans as it would create image artifacts and 

ruin the scan results. To address this, the author helped create a choke-like device with a core made 

of a Gadolinium solution to attenuate the radiofrequency (RF) noise coming from the physiological 

monitoring devices to make the MRI-Conditional for use in the MRI, even during scans (Chapter 

3). 

 Current studies have focused on the quantification of the stroke volume of the heart using 

the induced VMHD on an intra-MRI ECG. However, at its base, the relationship being observed is 

regarding VMHD and blood flow. The stroke volume of the heart is the total output of the left 

ventricle, which is all pumped through the aorta, the large vessel present within the area the voltage 

potential measurements are taken for ECGs. While stroke volume is an important clinical metric 
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for cardiovascular health and patient monitoring, blood flow in general, and through vessels other 

than the aorta, is also an important clinical metric.  

Blood flow is a clinical metric with a variety of diagnostic uses, namely diagnosis and 

longitudinal monitoring of patients with or at risk of cardiovascular disease. Currently, blood flow 

can be quantified through several techniques, including Doppler Ultrasound (DUS), Computer 

Tomography (CT) and Magnetic Resonance Imaging (MRI). The majority of these methods 

require an expensive, immobile device (MRI, CT) and require a skilled technician to operate them 

(DUS, MRI, CT); thus, they are accessible to very few patients in need of the technology. Some 

of these technologies also expose patients to a range of discomforts, from the confined spaces in 

CT and MRI scans to the radiation exposure from CT and the radioisotope contrast agents used in 

MRI and CT. Based off this review of the current state of VMHD based flow, the author worked 

to create a portable, smartphone-enabled device that could record VMHD and give blood flow 

metrics (Chapter 4). 

With the creation of the device and a proof of concept for inducing VMHD in peripheral 

vessels and outside of the strong magnetic field of the MRI, the next step was to further investigate 

how different factors, such as vessel thickness, flow rate, and magnetic field strength, effected the 

induced VMHD. To this end, the author constructed a benchtop setup with two strong neodymium 

magnets with spacing to fit a custom flow channel in-between to conduct experiments (Chapter 5).  
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CHAPTER 2 

ADAPTIVE FILTERING OF INTRA-MRI ECGS USING A DYNAMIC VMHD SOURCE 

 Having shown that the measured MHD Voltages are related to stroke volume, a more 

advanced study into the induced VMHD in the MRI was warranted. To study the VMHD induced in 

the blood vessels inside the MRI field would allow further insight into the nature of the relationship 

between blood flow and induced VMHD.  

As previously outlined, the current method of obtaining VMHD involves a subtraction of the 

infected ECG from inside the MRI bore with a baseline ECG measurement taken outside of the 

MRI. The major drawback of this method is that it relies on separate measurements taken at 

different times. While interpolation can be used to temporally align the paired ECGs to adjust for 

variations in heartrate, it still relies on a preliminary baseline ECG in addition to post-processing 

to synchronize the ECGs for VMHD extraction, ECGReal filtering, and SV estimation. Currently, 

many different methods are used for the filtering of intra-MRI ECGs. It should be noted that most 

current methods revolve around at simple 4-Lead ECG for mostly gating purposes. Combinations 

of Fast Fourier Transforms (to find fundamental frequency of the MRI pulses added to the ECG) 

and band stop filters (to remove select frequencies of noise), along with template matching, among 

other methods, are employed to produce a cleaner intra-MRI ECG[7]. Independent Component 

Analysis (ICA), which is a statistical analysis to define underlying components to a signal 

assuming they are all independent of each other,  has also been applied to intra-MRI ECGs to try 

to separate the VMHD and ECGReal signals; ICA was somewhat successful, though limited noise 

sources were used in the model, and simulated VMHD was used[8-10].  A novel method was 
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hypothesized for ECGReal extraction from intra-MRI ECGs, using a least means square (LMS) 

adaptive filter, trained by an external, dynamic source of “pure” VMHD to filter out VMHD noise in 

order to obtain clean ECGReal.  

To test this hypothesis, a proof of concept study was conducted to test validity of the source 

of pure VMHD and the implementation of an LMS adaptive filter for ECGReal extraction. The 

common carotid artery was selected for its physical isolation from the sinus node, close proximity 

to the body surface for external monitoring, and high flow rate. Conventional Velocity-Encoded 

Phase Contrast MRI (PCMR) was acquired in one healthy subject along the aortic arch and in the 

left common carotid artery.   

12-lead ECGs were acquired during a 20-second breath-hold outside (Fig. 2.1a) and inside 

the MRI bore (Fig. 2.1b), while a secondary recorder was used to acquire a single bipolar anterior-

posterior lead at the carotid artery. Blood flow was quantified in both the carotid artery and aortic 

arch by using PCMR (Fig. 2.2a); this was used to correlate raw carotidal lead signals with extracted 

aortic VMHD from the 12-lead ECG. 

During exercise stress testing, MRI-derived peak flow was shown to increase 

proportionally with an elevated heartrate in the ascending aorta and the common carotid artery, 

with an 8.49% difference in elevation between the two vasculature sources.  VMHD was shown to 

increase by 76.5% in the carotid artery and 88.1% in the aorta, illustrating a close correlation 

between carotidal and aortic derived MHD and flow (Fig. 2.2b), suggesting the ability of carotidal 

MHD to become an independent predictor for aortic MHD and an additional feedback term in 

modern ECGReal extraction techniques during induced stress. 

A correlation between the recorded carotidal VMHD and the aortic VMHD was shown and the 

potential to use raw carotidal MHD as a predictor of induced VMHD was illustrated.  This will  
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a) 12-lead ECG acquired outside the MRI b) 12-lead ECG acquired inside the MRI (3T) 
Figure 2.1: Observed VMHD on Intra-MRI ECGs 
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a) Phase Contrast MR (PCMR) images of the 
aortic arch used to estimate systolic flow during 
a resting heart rate: Magnitude (top) and Phase 
(bottom). 

b) Increase in induced MHD during exercise 
stress testing in 12-lead ECGs and the carotidal 
lead, illustrating a 11.52% difference in carotidal 
and 12-lead elevation 

Figure 2.2: Correlation between induced Carotidal and Aortic Magnetohydrodynamic Voltages 
(VMHD). 
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potentially allow for both the development of advanced methods of extracting ECGReal and the 

acquisition of high-fidelity intra-MRI ECGs, which are essential in both imaging and patient 

monitoring applications. 

 With a suitable source of VMHD, 12-Lead ECG data paired with carotid VMHD 

measurements were taken for five healthy subjects (n=5). Both baseline measurements were 

outside of the MRI, and within the 3T magnetic field of a Siemens Skyra 3T MRI. 12-Lead ECG 

and Carotid VMHD acquisitions were done over 20 second breath-holds to remove noise from 

muscle movements. 12-Lead VMHD was extracted using the current subtraction method, after 

temporal alignment of the paired ECG measurements. The subtraction method was also used for 

Carotid VMHD in order to account for any baseline changes in the signal in the two scenarios. The 

extracted VMHD signals were scaled and then filtered through an LMS adaptive filter with 32 seeded 

coefficients and a 0.002 step size (Fig 2.3). Examination of the filtered ECG signal suggested that 

it seemed to be even noisier than the intra-MRI ECG signal, leading to questions about the efficacy 

of the filtering method. While there was a “bump” present in all three scenarios indicating the QRS 

complex, there was little else in the manner of clearly identifiable segments of the ECG waveform. 

To confirm, the correlation coefficients for all four subjects were calculated between the baseline 

signal and the filtered signal (Table 2.1). From the coefficients, it was obvious that there was very 

little relationship between the two signals, though the reasoning is not immediately apparent. 

 A single lead (Lead I) was isolated to observed the changes in signal from baseline to 3T 

MRI induced noise, to the filtered results (Fig. 2.4). Observing the single lead data, the most 

noticeable difference between the baseline and the other two sets was the large variance in 

amplitude. While the QRS complex voltages remain similar sized, the S-T segment and T-Wave  
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Figure 2.3: Comparison of 12-Lead ECG: a) Baseline, b) Inside 3T MRI, c) After Adaptive 
Filtering 
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Table 2.1: Correlation Coefficients of ECGReal versus Adaptive Filtered Intra-MRI ECG 

 Subject 1 Subject 2 Subject 3 Subject 4 
Lead I 0.3012 0.1418 0.3807 0.1672 
Lead II 0.3449 0.0838 0.3751 0.0424 
Lead III 0.2068 0.0124 0.0174 0.0735 

aVR 0.3727 0.1343 0.6336 0.1973 
aVL 0.1434 0.1267 -0.0250 0.2173 
aVF 0.1155 0.0606 -0.2101 0.0481 
V1 0.3409 -0.0110 0.6095 0.3779 
V2 0.5124 -0.1177 0.8939 0.3198 
V3 0.5473 0.3611 0.8830 0.2014 
V4 0.5371 0.1321 0.7840 0.1421 
V5 0.4029 0.1547 0.7554 0.4525 
V6 0.4799 0.0190 0.5947 0.5866 
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Figure 2.4: ECG Lead I from Baseline to 3T MRI, to Adaptive Filter. 
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were greatly increased in the intra-MRI measurement, which was expected, as this is the hallmark 

of VMHD induced on the ECG waveform, as the S-T segment and T-wave occur as blood is being 

ejected into the aortic arch. However, the S-T segment and T-Wave elevation still being present in 

the filtered signal were not expected, which brings into question the VMHD source used for the 

adaptive filter. The carotid VMHD signal, while correlated to the induced aortic VMHD, should have 

presented a large increase in induced voltage as blood flowed through the vessel, but due to its 

location, this happened at a later time than the VMHD spike in a normal intra-MRI ECG waveform. 

Currently, this had not been accounted for in the segmentation process used for isolating ECG 

waveforms. 

There was other evidence supporting this theory, as there was a definite temporal shift in 

the signals, as none of the waveform features properly lined up, even though the data was all 

normalized to 60 beats per minute. There was also misalignment when reconstructing the 

waveform, as seen in the peak of the QRS complexes among all three scenarios of the 12-Lead 

ECG. While these errors could have come from the resampling method used to convert the data 

all to the same rate, it was more likely a result of the segmentation method.  

 Although many issues plague the current adaptive filtering methodology, there is still 

promise in this work. In the future, work will be done to developing a more robust ECG 

segmentation method, and further data will be collected to better understand the time delays in 

registered VMHD peaks at the aorta and carotid artery.  

In the future, to test real-time implementation in the MRI, instead of requiring for the 

experiment two synchronized MRI-conditional ECG monitors, one to provide normal 12-Lead 

ECG and another to record the Carotid source of VMHD, a single system could be developed and 

implemented, with 12-Leads + 1 Lead for the Carotid VMHD. Further studies using this method on 
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larger populations would be required to standardize this as an alternative filtering method for Intra-

MRI ECGs. Of particular interest are subjects present with cardiac conditions, such as arrhythmias, 

and the filter’s ability to preserve the tell-tale ECG markers of the condition while still removing 

induced VMHD noise. Another population of interest would be those present with carotid stenosis, 

and how this could affect the observed VMHD. The results utilizing the LMS Adaptive Filter would 

also need reviewing from a clinical cardiologist to validate the diagnostic quality of the obtained 

ECGs. This adaptive filtering method would allow for eventual implementation of diagnostic 

quasi-real-time ECG in the MRI, allowing for better physiological monitoring of at-risk patient 

populations as well as improved cardiac gating.  
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CHAPTER 3 

MAGNETIC RESONANCE CONDITIONAL PARAMAGNETIC CHOKE FOR 

SUPPRESSION OF IMAGEING ARTIFACTS DURING MAGNETIC RESONANCE 

IMAGING1 

  

                                                
1 Kevin J. Wu, T. S. Gregory, W. Zhao, R. Cheng, L. Mao, Z.T.H. Tse. Submitted to Proceeding to the Institution of 
Mechanical Engineers, Part H: Journal of Engineering in Medicine, 03/29/17 
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Abstract 

Higher-risk patient populations require continuous physiological monitoring, and in some 

cases, connected life-support systems, during Magnetic Resonance Imaging (MRI) examinations. 

Most of these systems are connected to the outside using cabling that receives radio-frequency 

(RF) induction from the MRI’s gradient and body coils during MRI scanning, resulting in 

excessive heating.  We developed a passive method for RF suppression on cabling that may assist 

in making some of these devices MRI-compatible. 

A barrel-shaped strongly-paramagnetic choke was developed to suppress induced RF 

signals which are overlaid onto physiological monitoring leads during MR imaging. It utilized a 

choke placed along the signal lines, with a Gadolinium (Gd) solution core.  The choke’s magnetic 

susceptibility was modeled, for a given geometric design, at increasing chelate concentration 

levels, and measured using a Vibrating Sample Magnetometer (VSM).  RF noise suppression 

versus frequency was quantified with network-analyzer measurements, and tested using cabling 

placed in the MRI scanner.  Temperature-elevation and image-quality reduction due to the device 

were measured using ASTM phantoms. 

Prototype chokes with Gd solution cores exhibited increasing magnetic susceptibility and 

insertion loss (S21) also showed higher attenuation as Gd concentration increased. Image artifacts 

were observed on the phantom when the ECG was connect, though once the prototype choke was 

connected only a ~3% SNR variance was observed in the image when compared to a control. An 

accompanying temperature increase of <1oC was observed in the MRI phantom trial.  

An effective paramagnetic choke for RF suppression during MR imaging was developed 

and its performance was demonstrated. 
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Introduction 

     During Magnetic Resonance Imaging (MRI) diagnostic procedures and image-guided 

interventions, real-time physiological monitoring and patient assist devices, such as defibrillators, 

are often required for the patient to be allowed to undergo the workflow, especially in the case of 

high-risk patients such as those with a history of ischemia or cardiovascular disease [11-13].  

Single conductor and coaxial cables are often used to conduct these electromagnetic (EM) signals 

between probes on the subject and the accompanying bioinstrumentation [14].  In the environment 

of a MRI scanner, this presents a difficulty, as radio frequency (RF) signals are emitted from the 

MRI scanner during imaging and induce currents onto the cabling, superimposing relatively high 

voltages [14, 15].  These voltage overlays greatly reduce signal fidelity, can damage hardware and 

data acquisition systems, and result in excessive heating. 

Clinical MRI scanning requires a large number of electrical cables, such as physiological 

signal leads, defibrillation pads, MRI surface coil cabling, RF ablation catheter cables, and various 

monitoring cables (SPO2, strain), to be routed from the MRI bore to the scanner control room.  

Placing cables inside the MRI environment makes the system susceptible to multiple issues: (1) 

items made of ferromagnetic components may be displaced by the strong (1.5 or 3 Tesla) static 

field (B0); (2) the magnetic-field gradients used in MRI imaging may induce waves in the cables 

(typically 20-9000 Hz); and (3) the MRI imaging sequence's RF pulses may induce Larmor 

frequency (typically 64 or 127 MHz) waves in the cables; and (4) imaging artifacts [16, 17]. 

Ferrite chokes are frequently used for suppression of the RF resulting from induced EM 

waves. They are largely constructed from ferromagnetic materials, mixtures of iron oxide particles 

with a secondary metal such as manganese or zinc [18-20].  Current flowing through a single 

conductor wound around a ferrite core produces a magnetic field inside the ferrite, which is 
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opposed by currents in the ferrite, attenuating the driving magnetic field. The currents in the ferrite 

dissipate once the inducing current subsides.  As a result, Ferrite beads or cylinders are commonly 

mounted in several locations on electrical cables that traverse regions of high EM interference. 

In the MRI scanner environment, ferrite chokes cannot be used in close proximity (>10 

Gauss lines, typically) to the scanner since the strong static magnetic field saturates the 

ferromagnetic cores, rendering them less effective; there are also safety concerns due to the large 

forces exerted by the static field on the ferrites.  Alternate solutions for reducing EM wave 

propagation do exist (resonant RF traps, active decoupling, and transformers) [21-23]. However, 

such approaches can be more difficult to implement and are more expensive than conventional 

ferrites.  An inexpensive passive device, one that could be used in the MRI environment and 

provide effective RF suppression, would therefore by quite useful, as a partial or full replacement, 

for the tools currently employed. 

Materials and Methods 

A. Design Specifications 

In order to design MRI-conditional passive devices which suppress high frequency (RF) 

induced currents from MRI gradient ramps during imaging procedures in a manner similar to a 

ferrite bead, three design constraints must be met: (1) the component must be able to be used safely 

inside and in close proximity to the MRI scanner [24]; (2) the magnetic moment of the component 

must not saturate in the MRI static magnetic field [25, 26], thereby maintaining efficacy inside and 

outside of the MRI bore; and (3) large currents flowing on the cables must be dissipated in the 

device to avoid patient thermal injuries [27-29].   

In addition to the above design specifications for RF suppression in the MRI environment, 

the resultant device must meet practical geometric shape and size constraints in order to easily 
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mate with standardly-used cabling. The device must also allow un-inhibited propagation of the 

desired signal waveforms. Typical examples are cabling used for Electrocardiogram (ECG) 

recording (0-200Hz), or external defibrillators (20-300Hz). Another specification that must be 

taken into consideration is the artifact size of the choke in MR images, which would ideally be 

small (under ~5mm).  

B. Magnetic Susceptibility of Gadolinium Chloride 

As ferrite beads or cores are traditionally used for RF suppression in cabling, this study 

searched for a non-magnetic alternative with similar suppression capabilities. Strongly 

paramagnetic materials, with a relatively high magnetic susceptibility, were prime targets. Liquid 

solutions, such as liquid ferro-magnets used in high power commercial transformers, seemed to be 

a good choice due to their manageable paramagnetic material concentration, ability to be placed 

in the core of a wound solenoidal inductor, and ability for dissipating heat easier than solids. Since 

chelated forms of the Gadolinium ion (Gd) are commonly used as MRI contrast materials (for 

perfusion or angiography purposes) as a result of their large magnetic susceptibility (𝜒), they were 

a natural choice.   

Gd as a free ion is highly toxic; however, as a chelated compound (a metallic ion bonded 

to organic ligands) it is biologically safe.  Typically, chelated forms of Gd such as Gd-DTPA, 

which is found in commercially available Magnevist (Gadopentetate Dimeglumine, Bayer, 

Whippany, NJ) [30, 31], preserve the paramagnetic effect of the Gd ion. However, Magnevist has 

limited solubility compared to the free ion form.  The toxicity of free Gd ions, which is due to 

interactions with calcium channel dependent processes, requires approximately 100-200 mg/kg to 

become a 50% lethal dose. As a result, we surmised that we could utilize a substantially lower 
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dose of the ionic form, and still achieve the desired paramagnetic effect within a small-volume 

paramagnetic choke.   

Gadolinium (III) Chloride (GdCl3) was chosen for the paramagnetic core due to its high 

solubility in water.  In order to determine the optimal concentration, Magnevist was chosen as a 

median point, with approximately 131.8 mg/mL of GdCl3 yielding the same amount of 

paramagnetic Gd as commercially available Magnevist [30, 31].  Four concentrations of the Gd 

ion were examined based on the commercially available concentration: (1) 0 mg/mL; (2) 66 

mg/mL; (3) 132 mg/mL; and (4) 198 mg/mL.   

    A Vibrating Sample Magnetometer (VSM) [32, 33] was used to assess magnetic susceptibility 

by magnetizing the sample in a uniform magnetic field (𝐻++⃑  kA/m) and measuring the material 

magnetization (𝑀++⃑ , A/m) [32-34].  Based on this relationship, the bulk magnetic susceptibility 

(dimensionless) was calculated (Eqn. 3.1). 

 𝜒 = 𝑀++⃑
𝐻++⃑
.  (3.1) 

C. Choke design and MRI artifact estimation 

In order to determine suitability for the MRI environment and maximize the inductor 

(choke) efficacy while reducing the extent of the magnetic field generated beyond the physical 

dimensions of the device, which would result in MRI image artifacts, the magnetic field of the 

prototype device was simulated using the Biot-Savart law [35, 36]. The Biot-Savart law describes 

the magnetic field at position  in the free space generated by a wire C with electrical current I 

(Eqn. 3.2). 
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where  is the magnetic permeability of free space,  is the position vector of an elementary 

segment of wire and the current vector in it is . As a result, the pointing vector from  to the 

elementary current is . From Eq. 2, the magnetic field has contributions from all the 

current elements within the wire C.  When the wire is wrapped in a solenoidal pattern onto a 

cylindrical core of magnetic permeability , it becomes an inductive coil and the distribution of 

its induced magnetic field  can be calculated according to Eq. 2 and expressed in Cartesian 

coordinates [35-37] (Eqn. 3.3). 

 𝐵+⃑ (𝑥, 𝑦, 𝑧)

=
𝜇𝑛𝐼𝑅
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(3.3) 

 

where R is the radius and L is the length of the coil, and n is the number of turns in one-unit length 

of the coil (Fig. 3.1a).   

Looking at the simulation results, the magnetic field decayed for 1-2mm past the edge of 

the choke dying down to less than 5% by 3mm from the edge compared to the ambient background, 

leading to a predicted artifact extensions of the same size (Fig. 3.1b). Based on the simulation, a 

paramagnetic core inductor was constructed using 15 AWG gage copper (magnet) wire wound 

parallel to a 1cm diameter Polytetrafluoroethylene (PTFE) tube containing 3mL of the Gd solution 

at each of the three concentration levels (Fig. 3.1c).  Adjacent loops were spaced at 2 mm  
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a) Shape of a solenoidal inductor used to compute 
the magnetic field according to the Biot-Savart 
law, where R and L are the radius and length of 
the coil, and n is the number of turns. 

b) Simulated magnetic field of the 
paramagnetic core inductor (top).  The 
magnetic field is shown to rapidly 
deteriorate 1-2 mm radially from the 
external wires in the enlarged view 
(bottom). 

 

  

 

 

c) Dimensional (mm) CAD drawing of the 
prototype barrel choke assembly before insertion 
of the SMA end connectors and the paramagnetic 
core solution. 

d) Prototype (left) and CAD design 
(right) of a barrel choke assembly to 
house the paramagnetic core inductor. 
SMA connectors are at both ends. 

 
 

Figure 3.1: Design of a paramagnetic core solenoidal RF suppression barrel-choke. 
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increments to reduce parasitic capacitance.  External physical dimensions of the inductor were an 

outer diameter of 1.3 cm and a length of 6 cm.  The solenoid assembly was placed in a rapid-

prototyped “barrel-choke” shaped case containing SMA input and output RF connectors (Fig. 

3.1d).   

The RF performance of the Gd solutions was evaluated using a 1.3 GHz Vector Network 

Analyzer (VNWA) (SDR, Wiltshire, UK).  The VNWA characterized the 2-port scattering 

parameters, with incident power into the device at ports 1 and 2 (a1, a2), and power exiting power 

in ports 1 and 2 (b1, b2) (Eqn. 3.4). 

 

 Y𝑏[𝑏T
\ = Y𝑆[[ 𝑆[T

𝑆T[ 𝑆TT
\ ^
𝑎[
𝑎T` 

(3.4) 

       

S21 can be analyzed to obtain insertion loss over the choke in attenuation RF at the 3T Larmor 

frequency (~128MHz). 

D. Performance during MR Imaging 

The Gd ion barrel-choke solution was designed for use with an MRI-conditional ECG 

acquisition system [11-13, 38] (Fig. 3.2a). Suppression of RF energy was assessed through 

monitoring of thermal and image SNR effects were quantified in a 3T MRI American Society for 

Testing and Materials (ASTM) standards [39, 40] (Fig. 3.2b).  A saline-filled human torso NEMA 

phantom was designed and constructed for placement in the MRI scanner.  The temperature 

increase in the phantom was measured during MRI scans. 

Image artifact dimension was defined as a ≥ 30% change in pixel intensity in three test 

scenarios: (1) a control of just the phantom; (2) the phantom with ECG system attached; and (3)  
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a) Gd ion barrel-chokes placed on 
four channels of an MRI-conditional 
ECG recorder. 

b) Experimental design for testing the thermal effects 
and image SNR resulting from the choke. 

 

 
Figure 3.2: Evaluation of the performance of the Gd ion barrel-choke in the presence of an 
external RF source (127.74 MHz). 
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the phantom with the ECG system attached with the choke inserted inline.   Comparison was made 

between before (baseline) and after the introduction of the choke [40]. From acquired MRI images, 

SNR was measured as the ratio of the mean intensity value within a 40 pixel x 40 pixel region at 

the center of the image (Icenter) and the standard deviation of intensity values obtained in a 40 x 40 

region in the image corner (SDcorner) (Eqn. 3.5). 

 

 𝑆𝑁𝑅 =	
𝐼@bWcbd
𝑆𝐷@fdWbd

 (3.5) 

Results 

A. Magnetic Susceptibility of Gadolinium Chloride 

The GdCl3 solution susceptibility was characterized using the VSM for the following 

concentrations (1) 0 mg/mL; (2) 66 mg/mL; (3) 132 mg/mL; and (4) 198 mg/mL.  An increase in 

magnetic susceptibility of the GdCl3 solution was observed as the ion concentration in the solution 

increased (Fig. 3.3). An increase in magnetic susceptibility of the solution was observed as the 

concentration was increased. There was also close agreement of the magnetic susceptibility 

obtained experimentally to the simulation performed for the same concentrations (<2% error).  The 

susceptibility observed at the two highest concentrations did not change dramatically, suggesting 

a plateau in performance as the solution neared saturation. 

B. Choke design and MRI artifact estimation 

From the simulated inductor, the magnetic field of the energized coil was simulated using the 198 

mg/mL paramagnetic solution and a specified magnetic susceptibility of 73.6.  The generated 

magnetic field was predicted to rapidly deteriorate with increasing distance from the center, which  
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a) Magnetization and field strength 
characterization of GdCl3 obtained from VSM 
at each concentration level.  

b)  Bulk magnetic susceptibility of the Gd ion 
solutions as a function of concentration 
calculated from the VSM output. 

  
Figure 3.3: Magnetic Susceptibility of GdCl3 solution under varying Gd ion concentrations. 
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should generate imaging artifacts only at distance of <2 mm (Fig. 3.1b) further from its physical 

boundary (radius). 

Scattering parameter characterization of paramagnetic core inductive chokes was 

performed using the vector network analyzer, illustrating the practical performance of the device 

with frequency (Fig. 3.4). Examining the insertion loss (S21) of the prototype chokes, the chokes 

with GdCl3 solution cores demonstrated much greater signal attenuation as frequency increased 

when compared to the control (water core). Insertion loss further increased with concentration with 

the control (water) presenting a loss of 17dB, and a loss of 23 dB, 26 dB and 29dB for the 

66mg/mL, 132 mg/mL, and 198 mg/mL solutions, respectively, at the Larmor frequency. These 

results lead to the 198mg/mL solution being chosen as the most viable paramagnetic solution to 

use as an MRI conditional passive RF suppression choke for its high signal attenuation.  

C. Performance during MR Imaging 

During the phantom studies, an average temperature increase of 0.5oC was observed with 

no Gd ion barrel-chokes attached to the electrodes, while an average temperature decrease of 0.3oC 

was observed with the Gd ion barrel-chokes in-line with the electrodes over the course of a full 10 

minutes of MR imaging (Fig. 3.5).  Image SNR and susceptibility artifact size were quantified by 

connecting the choke to the phantom and introducing it into the region of interest, respectively 

(Fig. 3.6).  Particularly of note were the artifacts induced by the ECG, present near the bottom of 

the Phantom (Fig. 3.6b). When the prototype choke was added in-line to the ECG cables, the 

previously observed noises were immediately visible on the image (Fig. 3.6c). The SNR variation 

between the control image (Fig. 3.6a) and the image with the prototype choke (Fig. 3.6c) was ~3%. 
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Figure 3.4: Scattering Parameter characterization of GdCl3 solutions 
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Figure 3.5: Thermal heating effects of Prototype Choke over a 10-minute scan 
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a) Control b) ECG Recording c) ECG Recording w/ 
Prototype Choke 

   
Figure 3.6: Performance of prototype choke during MR Imaging  
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Discussion 

The susceptibility of the device was experimentally measured using Vibrating Sample 

Magnometer (VSM), which demonstrated increasing susceptibility and observed increase in 

insertion loss as Gd ion concentration increased. The simulation also quite accurately predicted 

the choke’s effects on MRI images in terms of image artifacts generated, which was minimal. 

When comparing the image of the phantom connect to the ECG without (Fig. 3.6b) and with the 

prototype choke (Fig. 3.6c), there was the immediately obvious image artifact in the bottom right 

corner when the ECG was connected without the prototype choke (Fig. 3.6b). By contrast, there 

was little observable visual artifacts on the image of the phantom with the prototype choke attached 

(Fig. 3.6c), as well as a small SNR variance when compared to the control image, demonstrating 

the ability of the prototype choke to mitigate RF noise from physiological monitoring electronics, 

and the role the choke could play in the adapting of different monitoring solutions for MR-

Conditionality. The choke also was shown to have minimal thermal effects in the phantom test, 

suggesting that the device was MRI-conditional. However, it is also important to note that very 

little temperature variance was noticed when the ECG was connected to the phantom without and 

with the prototype choke, though there was less temperature change observed with the prototype 

choke inline.  

The device may enable research and development of MRI-conditional devices that may not 

be currently unavailable due to design or cost constraints.  The use of the presented device 

maintains a low cost and level of affordability. In order to encourage adoption of the presented 

paramagnetic choke, further work should be performed to ensure that the presented design 

specifications can be met for a wide range of in-room MRI devices and MRI magnetic strengths. 
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The study itself was focused on quantifying device parameters, and was conducted on the 

benchtop or with phantoms; pending IACUC approval, further testing with animals under a variety 

of MRI field strengths and sequences will be performed to further evaluate the choke performance 

in RF suppression and its thermal effects on subjects. The three concentrations of Gd solution 

tested as cores for the choke were not comprehensive, and further optimization of the Gd solution 

used could help optimize RF suppression.  

In conclusion, the design of a passive paramagnetic RF choke was tested with a network 

analyzer to evaluate for its insertion loss performance. Experiments were conducted in 3T MRI to 

demonstrate minimal artifacts generated from the choke design as well as minimal heating effects. 
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CHAPTER 4 

MAGNETOHYDRODYNAMIC VOLTAGE RECORDER FOR COMPARING PERIPHERAL 

BLOOD FLOW 

Introduction 

    Electrocardiography (ECG) is commonly employed as a bedside clinical tool used to 

assess abnormalities in cardiac electrical activity.  As a result of this, coupled with the advent and 

rise of smartphone-enabled devices, an era of digital medicine has begun to embrace this 

technology [41, 42].  A number of commercial outlets have emerged which offer portable ECG 

monitors which feature wireless connectivity and advanced data storage and sharing options [43-

47].  These new technologies allow for more convenient longitudinal patient monitoring, detection 

of cardiac events [48, 49], and intuitive data-logging to track cardiac activity for an overseeing 

physician [50, 51]. 

 Portable ECG monitors offer many new potential diagnostic and monitoring opportunities; 

however, they become limited by concentrating on ECG-based diagnosis. One clinical metric 

which could benefit from portability is blood flow. In intra-MRI ECG, voltage overlays (VMHD) 

have been observed, due to the interaction between the magnetic field of the MRI and the blood 

flow in the body, through the magnetohydrodynamic (MHD) effect. The effect is primarily 

observed in the aortic arch during the ST segment and the T wave and has been successfully 

recreated in computer simulation [52]. The VMHD observed has been shown to be indicative of 

blood flow [2, 6, 53, 54]. By reproducing this effect with a static magnet outside of the MRI, a 

different modality of flow monitoring could be developed using portable ECG monitors.  
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 The need for an alternative flow assessment modality, particularly a more portable one, is 

great. In the United States, 85.6 million adults are affected with cardiovascular disease, and of that 

group, 8.5 million are afflicted with Peripheral Artery Disease (PAD) [55]. The blood flow metric 

could be very useful as a metric for monitoring cardiovascular health, especially in cases of 

peripheral circulation, and could also serve as an indicator of wound healing [56-62] The current 

method for diagnosing PAD is the Ankle-Brachial Index (ABI)[63]. The ABI is a simple test where 

the blood pressures of the arm and ankle are compared to determine the state of peripheral arterial 

health. However, in cases when a likely PAD diagnosis is made further investigation into 

peripheral blood flow must be made. Current methods for measuring blood flow are quite costly, 

requiring either skilled technologists to operate or expensive, immobile equipment. A portable 

ECG based method for flow monitoring would allow for an inexpensive and more layperson-

friendly method of acquiring flow data. 

The MHD Effect is a widely observed physical phenomenon, with a recent emergence into 

the field of medicine and cardiology [2, 64, 65], known to occur from strong magnetic field (𝐵3++++⃑ ) 

interactions with rapidly flowing conductive fluid of velocity 𝑢+⃑  over the distance vector 𝐿+⃑  across 

a pair of measurement electrodes (Eqn. 4.1).   

 
𝑉"#$ = 6 ;𝑢+⃑ × 𝐵3++++⃑ 	= ∙ 	𝑑𝐿++++⃑

X

3
 

(4.1) 

 Initially, the phenomenon was observed in the human body through VMHD overlays on ECG 

recordings acquired within the strong magnetic field of a Magnetic Resonance Imaging (MRI) 

scanner (B0) (Fig. 4.1) [66, 67]. This overlay was found to correlate well with arterial blood flow 

[1, 5, 68], and has been employed to estimate left ventricular stroke volume during a conventional 

MRI workflow [13]. 
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Figure 4.1: Principle of the MHD effect as induced upon major vasculature inside an MRI 
scanner. 
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In the presence of B0, typically 1.5 to 3 Tesla in strength, induced VMHD can oftentimes 

eclipse the true QRS complex in ECG recordings (Fig. 4.2) [64, 69]. Through the development 

of a stand-alone platform, the external magnetic field would need to be reduced in magnitude to 

maintain portability, while still providing a measurable VMHD overlay. Preliminary work has 

been performed into the scaling of this effect using an embedded permanent neodymium magnet 

(Br, max = 0.4T) for VMHD-derived physiological monitoring [70].   

 With the large adoption rates of smartphone technology, it follows that technology would 

be developed to enable wider applicability in the healthcare field [71], and as such, a larger trend 

is beginning to emerge, in which portable, low-cost, and non-invasive health monitoring devices 

are becoming more desirable [72, 73], with less needs for considerations regarding external 

communication [74, 75], and remote/long-term powering [72, 76].   

Due to these modern trends, we aim to bring this VMHD based blood flow measurement 

outside of the MRI by developing a portable smartphone-enabled ECG recorder capable of 

performing rapid peripheral blood flow measurements using VMHD-derived techniques induced by 

static magnets, with direct applications to the field of digital medicine. 

Materials and Methods 

In order to translate the observed MHD effect from the environment of the MRI scanner to 

that of a portable, hand-held device which can be used distally from the heart and on peripheral 

vasculature, a device was designed and validated based on the scaled effect in three core parts: (1) 

design of a smartphone-enabled ECG monitor; (2) characterization of the scaled MHD effect; and 

(3) device validation under varying heart rates (HR). 

In order to design a portable ECG monitor, which is capable of meeting current standards 

regarding the derivation and display of ECG traces, design emphasis was placed with regards to  
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Figure 4.2: Induced VMHD overlay on recorded ECGs in the environment of a MRI scanner. 
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 meeting current American Heart Association (AHA) recommendations for the standardization and 

interpretation of the ECG [77].  A single-lead approach was selected to reduce system complexity 

and hardware requirements. 

A minimum frequency bandwidth of 0.05 Hz to 150 Hz, commonplace in commercially 

available multiple lead ECG systems as per AHA guidelines [77], was established to remove 

possible high frequency noise and to reduce baseline drift [78].  A sampling rate of 1500 samples 

per second was chosen as the expected VMHD induced would be small variances in the waveform, 

so oversampling was required [79, 80]. A second order digital zero-phase notch filter was 

implemented to remove induced 60 Hz line noise which may occur. This configuration was 

considered advantageous as compared to a large number of portable ECG monitors which 

commonly utilize a non-standard low-pass bandwidth (typically 40 Hz), resulting in improper ECG 

filtering and potentially adverse clinical consequences [77, 78].  In addition, as the proposed 

system acquires only a single ECG lead, traditional compression techniques to ensure a stable 

sampling frequency were unnecessary [81, 82]. 

 A conventional bio-instrumentation hardware approach was taken to acquire and digitize 

ECG traces (Fig. 4.3). 

A low-power, high-impedance (1010 Ω) differential-input instrumentation amplifier 

(INA128p, Texas Instruments, Dallas, TX) was selected as the device front-end with a gain of 200 

for its high common mode rejection (120 dB at a gain > 100), input protection/buffer amplifiers, 

and low drift/offset. The exceptionally high input impedance of the instrumentation amplifier also 

allowed for use in a wider variety of subjects and areas, as it would lessen the impact of the varied 

impedance caused by differences in body composition and measuring locale. 
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Figure 4.3: Single-lead ECG acquisition system block diagram. 
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An industry standard gain equation based on a single external resistor was used to set the 

front-end gain, which aids in reducing signal drift and increasing the common mode rejection by 

allowing for precision laser-trimmed resistors to balance the circuit (Eqn. 4.2). 

𝐺 = 1 +
50𝑘Ω
𝑅m

 
(4.2) 

A Sallen-Key 4-pole Bandpass filter was designed with a Butterworth frequency response 

to enforce the prescribed frequency bandwidth, and serve as an anti-aliasing filter. A Butterworth 

frequency response was selected to maintain a maximally flat passband and reduce ECG distortion, 

whereas the gain can be described as a function of angular frequency (𝜔) and the number of poles 

(n) (Eqn. 4.3).   

 
𝐺(𝜔) = 	o

1
1 + 𝜔TW 

(4.3) 

Implementation was performed by cascading individual 2-pole high and low pass sections. 

Through using equal resistance values, the Q-factor and cut-off frequency (𝜔3) in each 2-pole 

filter, such as in the low-pass section, can be reduced from its original form taken from the transfer 

function (Eqn. 4.4) to simplified expressions (Eqn. 4.5, 4.6). 

 
𝐻(𝑠) =

1/𝑅[𝑅T𝐶[𝐶T

𝑠T + 𝑠 q 1
𝑅T𝐶[

+ 1
𝑅[𝐶[

r + 1/𝑅[𝑅T𝐶[𝐶T
 

(4.4) 
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2o
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(4.5) 

 

 𝜔3T = 	
1

𝑅[𝑅T𝐶[𝐶T
 

(4.6) 

 A dual op-amp DC-offset correction, utilizing a single op-amp differential amplifier and a 

simple gain stage were subsequently implemented prior to an isolation opto-coupler to serve as the 

analog output.  The total gain of the system was set to 500. 



 

44 

 The output of the analog circuitry sampled at 1500 Hz by a 16 MHz integrated 

microcontroller (ATmega328P, Atmel Corporation, San Jose, CA) using a 10-bit successive 

approximation analog-to-digital converter.  Accounting for system gain and differential non-

linearity (1 LSB), the system delta value was calculated to be approximately 4 µV. The data read 

by the microcontroller was streamed to the smartphone via Bluetooth. Calculations were 

performed and the ECG data was then plotted on the smartphone screen.   

 To provide a viable human interface, dry electrodes were selected over conventional wet 

Ag/AgCl electrodes due to their increased durability and lack of a need for skin preparation. 304 

grade stainless steel was chosen as the electrode medium due to its high durability and low-cost.  

Motion-based artifacts are often a concern when employing dry electrodes, however an external 

input was added to the device to provide the option of choosing an alternative lead input [83]. 

 The system was encased in an Acrylonitrile Butadiene Styrene (ABS) plastic rapid-

prototyped case, with recessed locations for the stainless steel differential electrode pair, as well 

as a reference electrode (Fig. 4.4).  

 An accompanying application was developed in Android OS to acquire digitized ECG 

traces and present them to the user on the smartphone screen. A hardware Bluetooth module was 

used for device communication. Features to save and download traces to an external device were 

provided in the interface (Fig. 4.4). A beat-to-beat blood flow metric was calculated in each case 

based on integration of the lead during a single cardiac cycle (Fig. 4.5) [14]. This metric was also 

displayed on the smartphone interface. 

Future Work 

In order to verify system accuracy, performance of the device will validated against a 

commercial 12-lead portable ECG recorder (CardioCard Resting, Nasiff Associates, Central  
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Figure 4.4: System casing and smartphone interface/pairing, illustrating usage in acquiring a 
conventional ECG trace. 
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Figure 4.5: Workflow for obtaining VMHD Flow Metrics 
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Square, NY) set to record single lead ECG traces. Signal deviations in the P-wave, QRS complex, 

and S-T segment will be calculated for each cardiac cycle and analyzed.  

To test the validity of the VMHD metric for blood flow estimation, an experiment should be 

performed with the device, comparing the measurements of the blood flow metric from the device, 

with a current gold standard for blood flow measurement (e.g. Doppler Ultrasound). To induce the  

MHD effect, and generate a voltage overlay on acquired ECG traces, a pair of neodymium magnets 

will applied to the region of interest (Br, max = 0.4T). A custom-fit compression band was used to 

secure the neodymium magnets to the subject, and maintain proper device positioning with respect 

to the applied magnetic field. The neodymium magnets were oriented in opposition to create a 

uniform magnetic field across the measurement volume of the vessel of interest, e.g. brachial (Fig. 

4.6).  Ultrasound will be used to locate the vessel for positioning of magnets and electrodes.  

After validation of the VMHD blood flow metric, studies using the device and paired 

ultrasound validation with larger populations will also be conducted to better observe the VMHD 

measured in real world conditions. These continued studies will also allowing for examinations of 

target groups of the device, including those with peripheral artery disease, and other peripheral 

vascular issues, which would benefit from longitudinal monitoring. An IRB protocol will be filed 

with the institutional Human Subjects Office, and will clearly outline the different patient 

populations that will be recruited for the study (health subjects for baseline measurements, and 

patient subjects with peripheral artery disease). Before any procedure, subjects would be consented 

in writing of the procedures and risks of the study, and signed records of consent stored by the 

principal investigator.   

A study to further quantify the relationship between VMHD and electrolytic flow under ideal 

conditions will be conducted using a flow phantom. The study would vary the strength of the  
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Figure 4.6: Diagram of Experimental Setup at the Brachial Artery 
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magnetic field to examine the change in the voltage induced to better define the relationship of 

VMHD under constant flow. 

Impact 

The VMHD derived blood flow metric offers an alternative method of observing regional 

blood flow. Currently, the majority of assessment tools require an expensive, immobile device 

(e.g. MRI scanner, CT scanner, or Ultrasound), cause discomfort for patients, and generally require 

a skilled technician to operate. Specifically within the MRI scanner, being able to obtain a blood 

flow measurement via the VMHD induced in vessels allows for more robust physiological 

monitoring during MR procedures. If the device performs, it would be a low-cost and method for 

measuring blood flow, allowing the metric to become much more accessible to clinicians as well 

as the general populace. Like hypertension and diabetes, blood flow is an indicator of 

cardiovascular health and many experience issues with peripheral circulation. This VMHD based 

metric and device offer an alternative that can be used to provide many with the longitudinal 

monitoring needed to keep their conditions in check. In the case of PAD, at risk populations 

generally only have access to yearly checkups into the status of their peripheral arterial health 

through the ABI. If the proposed device were used for PAD screening, more conclusive results 

with the VMHD based flow metric could be offered, rather than just a recommendation that further 

exams of blood flow need to be ordered. Patients with PAD would also benefit greatly from having 

a device with which to monitor the progression of their PAD more frequently than on a yearly 

basis. Furthermore, the presented device provides an advantage over commercially available 

portable ECG recorders, as it includes additional capabilities in regards to tracking exercise 

progression and monitoring blood flow.  
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The integration of smartphone-enabled technology allows for easier data-exporting, data-

logging, and sharing with overseeing physicians. As the data is streamed from the device utilizing 

Bluetooth, any Bluetooth enabled device, not just a smartphone, could be utilized to receive the 

output of the device, allowing this technology to be adapted by multiple platforms. The creation 

of this prototype will in turn open doors for many future studies, allowing for better adoption and 

acceptance of the device, and the upgrade of current features (software and hardware).   
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CHAPTER 5 

DEFINING THE RELATIONSHIP OF MAGNETOHYDRODYNAMIC VOLTAGES AND 

MAGNETIC FIELD STRENGTH2 

  

                                                
2 Kevin J, Wu, T.S. Gregory, M.C. Lastinger, B. Boland, Z.T.H. Tse. Accepted by the Journal of Medical Devices. 
 Reprinted here with permission of the publisher. 
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Background 

  The magnetohydrodynamic (MHD) effect is observed in flowing electrolytic fluids and 

their interactions with magnetic fields. The magnetic field (B0), when perpendicular with the 

electrolytic fluid flow (µ), causes the shift of the charged particles in the fluid to shift across the 

length of the vessel (L) normal to the plane of B0 and flow, creating a voltage (VMHD) observable 

through voltage potential measurements across the flow (Eqn. 5.1)[68].  

𝑉"#$ = 6 ;𝑢+⃑ × 𝐵3++++⃑ 	= ∙ 	𝑑𝐿++++⃑
X

3
 

(5.1) 

In the medical field, this phenomenon is commonly encountered inside of a human body inside of 

an MRI machine (Fig. 5.1). 

  The effect appears most prominently inside the aortic arch due to orientation and size; it is 

a large contributing factor to noise observed in intra-MRI ECGs [1, 2].  Traditionally, this MHD 

induced voltage (VMHD) was filtered out to obtain clean intra-MRI ECGs, but recent studies have 

shown that the VMHD induced in a vessel is related to the blood flow through it (stroke volume in 

the case of the aortic arch) [13]. Further proof of this relationship can be shown from the increase 

in VMHD measured from periphery blood vessels during periods of elevated heart rate from exercise 

stress, when compared to baseline state [84]. Previously, a portable device was built to utilize 

induced VMHD as an indicator of flow. The device was capable of showing change in blood flow, 

utilizing a blood flow metric obtained from VMHD; however, a quantitative relationship between 

VMHD and blood flow has yet to be established. 

  This study aims to define the relationship between induced VMHD and magnetic field 

strength in a controlled setting. Through modulating the distance between a pair of magnets around 

a flow channel, we hope to better realize the relationship between magnetic field strength and 

induced VMHD with constant flow and electrolytic solution concentration. 
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Figure 5.1: The Magnetohydrodynamic Effect. 
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Methods 

  There were two main issues to address with the experiment: a benchtop setup that would 

hold the magnets apart safely at the distances required to generate the desired magnetic field 

strength while still maintaining the ability to pull the magnets apart, and a data acquisition setup 

to monitor the minute voltages expected to be induced.  

  The benchtop setup was fabricated to allow for the safe movement of the magnets towards 

and away from each other. A pair of cylindrical, N52 grade neodymium magnets of a diameter of 

2 inches and a height of 2 inches were used to generate the magnetic field. Utilizing the 

manufacturer’s online calculator for field strength, it was determined that an air gap of 0.5 in. 

would result in a ~1T field strength. Polyoxymethylene blocks of 6 in by 6 in. by 0.5 in. were 

machined with 0.25 in. deep sockets to hold the magnets on one face, while 0.75 in. wide slots 

centered on the other face were machined, allowing for a band of exposed magnet to contact the 

flow channel for the maximum field strength, while preserving material to form a 0.5 in barrier 

between the two magnets (Fig. 5.2). The setup was mounted on brackets and then affixed to a vise 

to allow for safe movement of the two magnets together and apart during the experiment (Fig. 5.3). 

The actual strength of the magnetic field was verified using a magnetometer, with measurements 

taking place at the center of the gap between both magnets. It was determined that the minimum 

field strength of the setup was 0.2T, with a maximum field strength of 0.9T in the air gap between 

the blocks when the vise was wound closed. The flow channel was designed to be inserted in the 

slot between the two magnets. A through-channel was designed with barbed ends for the pipe, as 

well as grooves to insert the measurement wire. The flow channel was fabricated using a 

sterolithography based 3D printer in order to ensure a watertight model (Fig. 5.4). Coaxial cables  
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Figure 5.2: Polyoxymethylene Block Design 
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Figure 5.3: Benchtop Setup at Max Magnetic Field Strength 
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Figure 5.4: Flow Channel Design 
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were mounted in the flow channels and used to measure the VMHD generated inside the flow 

channel; the exposed copper wires were used as the electrodes. The electrodes were mounted above 

and below the flow chamber (normal to the plane of the electrolytic flow and the magnetic field in 

accordance to the Right Hand Rule) to give a differential measurement.  

  For the experiment, the flow channel was held in-between the magnets, with the 

measurement point centered and the voltage measured from the electrodes recorded. 

Results 

  The measured VMHD for the two different flow channels were recorded (Table 5.1). A 

curve examining the relationship of recorded VMHD¬ vs distance from magnetic field was created 

(Fig. 5). 

Interpretation 

The recorded data showed an increase in measured VMHD as the magnetic field increased, 

which agrees with the theoretical relationship (Eq. 1), as a stronger magnetic field over constant 

tube diameter and flow velocity would pull more electrolytes and create a greater charge disparity. 

There was a great increase in the voltage as the magnetic field increased at first, though the VMHD 

stagnated as the field strength approached 0.9T. This could be, in part, due to the concentration of 

the electrolytes within the flowing fluid. Theoretically, there would be a maximum voltage that 

could be induced through the amount of electrolytes present in the flow. In this case, that saturation 

voltage could have been reached around 0.8 and 0.9T, with the field being strong enough to pull 

all available electrolytes in the measurement area. 

 There were a few unexpected drops in voltage particularly in the VMHD measured at 0.5T 

and 0.6T. This may have occurred through misalignment of the measurement site in between the 

magnets. Due to the high strength of the magnetic field, some deflection was observed at the two  
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Table 5.1: Measured VMHD at Different Magnetic Field Strengths 

Magnetic Field Strength (T) VMHD (mV) 
0.2 19.5 
0.3 26.2 
0.4 27.7 
0.5 22.8 
0.6 26.3 
0.7 29.8 
0.8 31.4 
0.9 31.5 
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Figure 5.5: Induced VMHD as a Function of Magnetic Field Strength 
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magnets were brought together, leading to the two polyoxymethylene blocks to “snap” together 

violently, which was have slightly jostled the positioning of the flow channel and therefore the 

electrode pair, compared to the measurement area of the sensitive and minute sensor of the 

magnetometer. For reference, the observed physical distance between the field strength of 0.5T 

and 0.6T was <1.5mm. However, the general trend of a logarithmic increase of the MHD voltage 

was still present.  

 Further applications of the MHD effect would be the development of an alternative method 

of electrolytic flow measurement. Within the MRI environment, the ability to monitor stroke 

volume of the heart without needing to use phase contrast imaging would allow for faster 

procedures and increased physiological monitoring during MR procedures. In addition, 

magnetohydrodynamic voltages for blood flow measurement can be used in portable applications, 

which would allow it to function as an alternative method of blood flow monitoring that is both 

portable and more accessible (due to differences in equipment cost and technical knowledge 

required for operation) than current standards (Laser Doppler Flowmetry, MRI, and Doppler 

Ultrasound).  

 This experiment has provided insight into the relationship between the magnetic field and 

induced VMHD under controlled conditions. Further studies will focus on the effects of flow rate 

of the electrolytic fluid and its effects on observed VMHD. 
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CHAPTER 6 

CONCLUSION 

 The author worked to bring a novel method of flow monitoring through VMHD derived flow 

metrics from an intra-MRI phenomenon into a real world portable application. First, to better study 

the induced VMHD from intra-MRI ECGs, an adaptive filtering methodology was created to 

improve ECGReal extraction from intra-MRI ECGs, while obtaining an isolated source of VMHD 

from the carotid, which was shown to be correlated to the induced aortic VMHD normally found on 

intra-MRI ECGs. While nonfunctional in its current state, the main issues hindering with the 

current methodology have been identified to progress in the project. Next, to improve intra-MRI 

monitoring capabilities, a paramagnetic choke with a Gadolinium-solution core was developed to 

decrease observed RF noise on MRI scans when external physiological monitors were use on 

subjects inside the MRI.  

 As a proof of concept that VMHD could be reproduced outside of the MRI, a prototype 

smartphone enabled ECG device was developed that, when used with a pair of magnets, could 

measure induced voltages in peripheral vessels. In application, the VMHD flow monitor could be 

used to measure and track flow in peripheral regions, such as in limbs and towards the hands and 

feet, where current methods of flow measurement are hard pressed to asses regional blood flow.  

Further work was done with a fabricated benchtop flow phantom setup to begin quantifying how 

different factors, like electrode placement, magnetic field strength, and flow velocity, could affect 

VMHD induced in a vessel.  
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 As future work, patient populations should be studied with all the explored technologies 

within this thesis, especially those presenting with cardiovascular conditions to show the 

applicability of these technologies under varied conditions, with a protocol in place from the IRB. 

Further exploration into the different factors affecting the induced VMHD should also be explored 

to help establish the relationship between the VMHD flow metric and established standard flow 

units.  
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