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ABSTRACT Hemodynamic recording during interventional cardiovascular procedures is essential for

procedural guidance, monitoring patient status, and collection of diagnostic information. Recent advances

have made interventions guided by magnetic resonance imaging (MRI) possible and attractive in certain

clinical scenarios. However, in the MRI environment, electromagnetic interference (EMI) can cause severe

distortions and artifacts in acquired hemodynamic waveforms. The primary aim of this paper was to develop

and validate a system to minimize EMI on electrocardiogram (ECG) and invasive blood pressure (IBP)

signals. A system was developed which incorporated commercial MRI compatible ECG leads and pressure

transducers, custom electronics, user interface, and adaptive signal processing. Measurements were made

on pediatric patients (N = 6) during MRI-guided catheterization. Real-time interactive scanning, which is

known to produce significant EMI due to fast gradient switching and varying imaging plane orientations, was

selected for testing. The effectiveness of the adaptive algorithms was determined by measuring the reduction

of noise peaks, amplitude of noise peaks, and false QRS triggers. During real-time gradient-intensive imaging

sequences, peak noise amplitude was reduced by 80% and false QRS triggers were reduced to a median of 0.

There was no detectable interference on the IBP channels. A hemodynamic recording system front-end was

successfully developed and deployed, which enabled high-fidelity recording of ECG and IBP during MRI

scanning. The schematics and assembly instructions are publicly available to facilitate implementation at

other institutions. Researchers and clinicians are provided a critical tool in investigating and implementing

MRI guided interventional cardiovascular procedures.

INDEX TERMS Adaptive signal processing, biomedical electronics, biomedical equipment, biomedical

signal processing, cardiology, catheterization, magnetic resonance imaging.

I. INTRODUCTION

During interventional cardiovascular procedures, vital sig-

nals such as electrocardiogram (ECG), invasive blood pres-

sure (IBP), and peripheral oxygen saturation (SpO2) are

recorded to provide diagnostic information, guide the pro-

cedure, and monitor patient status. Standard commercial

systems for hemodynamic recording commonly used in

X-ray angiography suites have workflow features which

allow case annotation, continuous recording, and integration

with the hospital’s information network.

Recent advances in technology have made magnetic res-

onance imaging (MRI) guided cardiovascular interventions

possible and attractive in certain clinical scenarios. However,

though hemodynamic recording is central to clinical care,

the commercial systems available in the X-ray angiography

suites do not provide MRI-compatible hemodynamic inter-

faces. The available MRI-compatible systems are limited to

low-fidelity signal monitoring of 3-4 ECG leads plus two

invasive blood pressure (IBP) channels. These systems are

used as standalone platforms which provide basic patient
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monitoring functionality andmay be used to generate triggers

for cardiac-gated imaging. Few, if any, provide true diag-

nostic quality monitoring. While available MRI-compatible

systems are safe to use in the MRI environment, the systems

have limited ability to suppress the noise and distortion typi-

cally caused by the radiofrequency (RF) pulses and the large

fluctuating magnetic fields of the gradient coils.

Noise and distortion can dominate ECG signals, preventing

adequate patient monitoring and generating significant gat-

ing errors during imaging, breaking the necessary synchro-

nization to the cardiac cycle. As noise and distortion vary

widely from patient to patient, between adult and pediatric

subjects, and from imaging sequence to imaging sequence,

simple filters with fixed frequency responses have limited

effectiveness. In addition, the gradient-induced noise has

significant in-band components. This in-band noise tends to

manifest as sharp spikes which can, at times, be difficult

to distinguish from ECG R-peaks (Figures 5C, 6B, 10A)

and severely impacts gating functionality. The magnetohy-

drodynamic (MHD) effect also causes severe distortion in

the ECG signals (Figure 5B). Interventional cardiovascular

imaging poses additional problems compared to standard car-

diac imaging, as the imaging planes and other scans param-

eters are adjusted interactively during image acquisition as

the catheters traverse the cardiovascular system. This real-

time, interactive adjustment complicates the use of static

algorithms which require training.

To realize the full potential of MRI-guided cardiovascular

interventions, significant research and development must be

performed to produce appropriate tools (such as catheters)

and imaging sequences (to reduce heating effects and pro-

vide real-time imaging with sufficient contrast). Animal and

human subjects are an important part of the investigational

development of these tools. The nature of the interven-

tional procedures requires hemodynamic recording to pro-

vide cardiovascular diagnosis and treatment. Researchers in

MRI-guided cardiovascular interventions require a robust

hemodynamic recording system to further research into other

tools and novel procedures, in addition to requiring such a

system as the procedures translate to clinical use [1].

Currently, there is no commercially available system

(from large or small vendors) which meet the needs of

the MRI-guided cardiovascular intervention research com-

munity. The lack of such a system is a limiting factor in

translating new procedures and devices to clinical use. The

goal of this work was to build on previous work [2] to

develop a clinical system for hemodynamic monitoring in

the MRI environment. We aimed to design and validate a

system that: 1) minimizes MRI-induced noise through the

design of front-end electronics, 2) dynamically corrects for

noise spikes and other distortions cause by the MR imaging

scans, 3) integrates with standard clinical workflow includ-

ing interfacing to commercial hemodynamic recording sys-

tems used in X-ray angiography suites to enable the use of

existing workflow features, and 4) consists of off-the-shelf

components to facilitate replication and dissemination. As an

additional constraint, focus was placed on quickly achieving a

clinically usable system to allow existing patient populations

to participate in investigational interventional procedures.

The success of the system enabled research in a 39-patient

pediatric study [3] and 102-patient adult study [4].

The PRiME system acquires 6-lead ECG and two chan-

nels of invasive blood pressure (IBP). In the MRI environ-

ment, the dominate noise sources are: 1) the static magnetic

field which causes constant distortion (due to the MHD

effect) to the ECG signal while the patient is inside the

bore (Figure 5B), 2) the 64MHz radiofrequency (RF) pulses

which, while out-of-band, can cause in-band noise as dis-

cussed later, and 3) noise induced by the kilohertz switching

frequency of the magnetic gradient coils which causes spike-

like noise in the ECG. While the ECG is heavily effected by

all three noise sources, the IBP is only affected by the RF

pulses. Proper circuity design (discussed later) is necessary

and sufficient for eliminating the RF noise in the IBP signals.

For the ECG, the gradient induced noise has a frequency

bandwidth which effectively spans from DC to a few kHz,

depending on the imaging sequence and parameters. There-

fore, while proper circuitry design is necessary for eliminat-

ing the RF noise and minimizing the gradient-induced noise,

circuitry design alone is not sufficient for eliminating all

noise as a significant portion of the noise falls within the

bandwidth of the ECG signal. As mentioned earlier, during

an interventional procedure, the parameters for the imaging

sequence will be varied which in turn affect the spectral

distribution of the noise. Most importantly, while the gradient

waveforms and spectra are known for any given imaging

sequence, how those gradients induce noise is unknown.

As mentioned earlier, even for a specific imaging sequence,

the nature of the noise seen on the ECG signals will vary

significantly from patient to patient, and for a given patient

on different days. For some patients, there is little gradient-

induced noise seen on the ECG signals, while other patients

exhibit significant noise on the ECG signals. There is no

known effective model for predicting the noise given a known

set of parameters for the patient and imaging sequence.While

the authors acknowledge this is an important area of research,

we do not discuss it further in the manuscript.

The MHD effect is caused by charged ions in the blood

flowing perpendicular to the static magnetic field, which

generates a Hall potential across the vessel wall [5], [6].

This additional induced voltage can cause an elevation of

the T wave in the observed ECG, as depicted in Figure 5B.

In this work, the MHD effect was minimized by placing

all ECG leads on the left side of the mid-line, on one side

of the aorta. Though MHD can significantly distort the

ECG waveforms and affect trigger generation, the non-linear

nature of the distortion cannot be addressed by filtering,

adaptive or otherwise. To increase the stability of trigger

generation in the presence of MHD, the option to differ-

entiate the ECG (or IBP) signals was added, with the goal

of sharpening the QRS-complex more than the enhanced

T-wave, and facilitating consistent trigger detection.
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Other researchers have developed approaches to suppress the

MHD effect [7] or to estimate cardiac stroke volume [8], [9].

The severe distortion caused by the MHD effect prevents

analysis comparing out-of-bore signals (i.e. clean ECG with

no noise induced by the MRI environment) with ECG signal

collected during scanning as the MHD effects dominates

typical signal-to-noise ratio measurements.

To be used in a clinical interventional environment, the fil-

tering and data processing must be done in real-time. The

real-time requirement limits the complexity of the adaptive

filter used and limits the use of algorithms which require

training (which would need to be done on a per-patient basis),

as the training could interrupt the clinical workflow.

FIGURE 1. Integration of the PRiME system with an interventional
workflow. The PRiME system can begin monitoring the ECG and IBP
signals during patient preparation and continues to monitor the patient
through the transfer to the MRI room and during the MRI-guided
intervention. Commercial hemodynamic recording systems common in a
catheterization lab continuously receive the hemodynamic signals for
integration with the standard interventional workflow.

II. METHODS

In this section, we describe the modules of the Physiolog-

ical Recording in the MRI Environment (PRiME) system.

Figure 1 shows how the PRiME modules integrate within

the cardiovascular interventional workflow. The PRiME sys-

tem consists of three modules: 1) the Physiological Signal

Acquisition (PSA) module (Figure 2A) acquires the physi-

ological signals, 2) the Control System and Adaptive Filter

FIGURE 2. Photos of PRiME modules. A. PRiME-PSA (Physiological signal
acquisition), B. PRiME-CSaAF (Control system and adaptive filter),
C. PRiME-PSC (Physiological signal converter).

(CSaAF) module (Figure 2B) provides adaptive filtering of

the signals from the PSA, and 3) the Physiological Signal

Converter (PSC) module (Figure 2C) converts the digital

signals from the CSaAF into an analog format compatible

with commercial hemodynamic recording systems.

The PSA module, in addition to providing the transducer

interface, pre-amplifier, and digitization also implements the

out-of-band (compared to the ECG and IBP signals) noise

filtering as discussed below. The out-of-band noise consists

of RF interference (64MHz for a typical 1.5T clinical MRI

system) and gradient-induced noise (varies according to the

imaging sequence, but in the kHz range). The CSaAF mod-

ule, specifically the adaptive filter, implements the in-band

(considered < 50Hz) filtering which consists of gradient-

induced noise. Due to the severity of the induced noise from

both sources, the PSA module filters signals at a lower cutoff

rate (<50Hz in the current implementation) than is desired to

maintain complete ECG morphology.

In accordance with our goal of facilitating replication and

dissemination, a detailed description of the PRiME system,

parts list, assembly instructions, user manuals, and trou-

bleshooting guides are posted on the web [10]. These license-

free documents are designed to enable complete replication of

the system described in this paper.
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A. PHYSIOLOGICAL SIGNAL ACQUISITION (PSA)

The PSA module provides the electronics necessary for ECG

and IBP signal conditioning, including non-adaptive filtering

and digitization. Sensors for ECG and invasive blood pressure

connect directly to the PSA which is mounted on the patient

table. MRI-compatible high impedance ECG leads (9218A,

GE Healthcare, Milwaukee WI) and disposable IBP trans-

ducers (TruWave, Edwards Lifesciences Corp., Irvine, CA)

are used. Each ECG lead set contains four leads, and two

sets may be used jointly to connect the four limb electrodes

plus three precordial electrodes. Custom interface cables [11]

were constructed to connect the IBP transducers through

RJ45 (Ethernet CAT5 style) connectors. Ideally, this cable

length is minimized to reduce radiofrequency interference,

but a longer cable may be used as needed. The PSA module

is powered by a removable, rechargeable 3.7V lithium ion

battery (CC2300, Accutronics, Staffordshire, UK) with an

estimated 10 hours of use.

FIGURE 3. Components of the Physiological Signal Acquisition (PSA)
module. The block diagram shows the signal flow from a single ECG
electrode and is repeated for every electrode. A pair of diodes suppress
large noise spikes before they saturate the inputs of any op-amps. The
signal is then filtered (cutoff frequency fc = 100 Hz) using high-frequency
components before being referenced to the right leg (RL) electrode.
A high-pass filter blocks any DC component (fc = 50 Hz), and a 2-stage
low pass filter further suppresses high frequency noise (fc = 50). The
signal is amplified and converted to 16-bit data at a 1kHz sampling rate.

PRiME expects to interface with commercial hemody-

namic recordings systems which in turn expect to inter-

face directly to the individual lead wires. Therefore, PRiME

treats all ECG electrode signals independently throughout

analog processing and analog-to-digital conversion (ADC)

(Figure 3). All signals (ECG and IBP) pass through a 1 uH

RF choke to help suppress RF interference. In the first stage

of analog circuitry, each ECG electrode signal is low-passed

filtered (cutoff frequency fc = 100 Hz) with a simple

resistor-capacitor (RC) filter using high speed circuit compo-

nents [12]. The high-speed circuit components are crucial for

proper filtering of the high frequency gradient and RF noise

which typical low frequency ECG circuit components do not

tolerate [13]. In the second stage, the limb and precordial

leads are first referenced to the right leg electrode, then passed

through a high-pass RC filter (fc = 0.5 Hz), then a 2-stage

low pass filter (Sallen-Key topology, fc = 49 Hz), and

finally amplified (Gain= 110) before digitization. The 49 Hz

cutoff points were chosen during initial experimentation as

a tradeoff between eliminating high-frequency noise while

preserving asmuch frequency content of the ECG as possible.

The final gain stage is also configured for additional low-

pass, anti-aliasing filter with cutoff of 482Hz.

The differential IBP signals from the transducer are ampli-

fied using an instrumentation amplifier (AD620, Analog

Devices, Norwood, AM) after passing through an RF inter-

ference filter [13]. An ADC (ADS1198, Texas Instruments,

Dallas, TX) simultaneously digitizes all 8 signals (6 ECG,

2 IBP) with 16-bit precision at a 1 kHz sampling rate. The

ADC serializes the digital output through an SPI (Serial

Peripheral Interface) port. Fiber optic cable transceivers

(AFBR-x62y, Avago, San Jose, CA) convert the four digital

SPI electrical signals (i.e., clock, data in, data out, and data

ready) to digital optical signals. The optical signals are routed

via four 1mm plastic optical fibers (POF) out of the MRI

suite through a waveguide to the PRiME Control System and

Adaptive Filtering module (CSaAF).

B. CONTROL SYSTEM AND ADAPTIVE FILTERING (CSaAF)

The CSaAF module interfaces with the PSA and PSC

modules, implements the adaptive filtering algorithm, and

connects with the computer which provides the user

interface. Located in the MRI control room, the CSaAF

consists of a single enclosure containing a field pro-

grammable gate array (FPGA) board (USB-7856R OEM,

National Instruments, Austin, TX), microprocessor board

(MPS-EXP430F5529LP, Texas Instruments, Dallas, TX),

and custom electronics [14]. The CSaAF interfaces with a

Windows-based computer running the LabVIEW (National

Instruments, Austin, TX) programming environment. The

microprocessor module acts as a command-and-control inter-

face and outputs the data via an SPI interface to the FPGA sys-

tem for further signal processing. Themicroprocessormodule

sets the initial PSA configuration (e.g., ADC initialization),

detects and annunciates communication failure with the PSA

(i.e., outputs a repeating series of pulses to clearly indicate

lack of true signal), and generates test signals as necessary.

The MR imaging gradient control signals from the MRI

system cabinets connect to the CSaAF via coaxial cables,

and are reference inputs to the real-time adaptive filter imple-

mented on the FPGA board. A custom LabVIEW program

displays the ECG and IBP signals, and allows real-time con-

trol of the adaptive filter parameters [15]. The CSaAF also

outputs a digital trigger signal based on any of the ECGor IBP

signals, which can be used by the MRI scanner for gating

or triggering. The triggering feature allows simple differen-

tiation of the chosen trigger signal to help accentuate the

R-peak from T-waves in cases in which the latter dominates

due to magnetohydrodynamic distortion. Differentiation also

sharpens the rising edge of an arterial pressure signal for more

consistent triggering.
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1) ADAPTIVE FILTER

The adaptive filter within the CSaAF module uses a Least-

Means-Square (LMS) algorithm to reduce MRI gradient

noise in signals acquired from the ECG leads. The IBP sig-

nals, which are not affected by the gradients, do not pass

through the adaptive filter. The LMS algorithm provides

real-time performance and can easily be implemented in the

FPGA system. For this application, each ECG channel is

comprised of three separate LMSfilters, one corresponding to

each gradient signal generated by the MRI system (Figure 4).

FIGURE 4. The block diagram shows the adaptive filter signal flow for
each ECG signal. The X, Y, Z gradients are sampled and used as the error
signal for a least-mean-squares adaptive algorithm which dynamically
alters the weights of a digital linear filter. The outputs of the three
independent filters (one for each gradient) is then summed, and
subtracted from the incoming ECG signal as the error signal.

The LMS filter consist of two parts, a Finite Impulse

Response (FIR) digital filter and an adaptive algorithm to set

the weights (i.e. the frequency response) of the FIR filter. The

inputs to the adaptive filter are a primary signal (i.e., ECG)

and three reference signals (i.e., gradient signals). The pri-

mary signal can be considered to consist of an ideal (desired)

signal (which in the PRiME case is the ECG signal) with

added noise signals. A reference signal is representative of an

original source of noise, which in the PRiME case, is one of

the gradient control signals. The gradient control signals are

connected with coaxial cables to the CSaAF module, filtered

with an analog 5kHz RC anti-aliasing filter, and digitized at

a 10kHz sampling rate by the FPGA board. To match the

sampling rate of the ECG signals from the PSA module,

the digitized gradients signals are digitally filtered, and then

subsampled to a 1kHz sampling rate. The LMS adaptive filter

output is the difference between the primary signal and the

combined filtered reference signals. This output signal feeds

back into the adaptive algorithms to update the weights of the

FIR filters, thus altering how the reference signals are filtered.

The feedback mechanism will optimally filter the reference

signals to closely match the actual noise (i.e., combined

noise from all three gradient signals) in the primary signal,

thus approximating the ideal signal (i.e., ECG) at the output.

While the gradient control signals should be correlated with

the gradient-induced noise, the actual shape and size of the

gradient control signals do not accurately reflect the noise

seen on the ECG signals. As mentioned earlier, there is no

known effective model for how the gradients induce noise on

the ECG, nor is the induced noise consistent from patient to

patient.

Many different MRI acquisition sequences are imple-

mented and used daily. Each sequence uses a unique set of

gradient signals during the imaging procedure. To accommo-

date these variations, the user can set the length (i.e., num-

ber of taps) of the FIR filter and a scaling factor (i.e. beta

parameter) that controls the magnitude of the updates to

the FIR filter weights. Both parameters control how fast

the algorithm minimizes the noise (i.e. convergence time),

though certain combinations can cause the filter to become

unstable, distorting the output through oscillations, satura-

tion, and offsets. In typical use, the length of the FIR filter

is maintained at 100 taps, while the scaling factor is adjusted

between 1e-12 and 1e-8, depending on the severity of the

induced noise. To simplify use for clinical staff, this scaling

factor can be adjusted using a slider on the PRiME software

application which indicates how much filtering is performed.

The slider allows 4 settings: 1) a None setting (scaling factor

= 0) which disables the filtering, 2) a Low setting (scaling

factor = 1e-12), which is the default setting and the most

commonly used, 3) a Med setting (scaling factor= 1e-10) for

more aggressive filtering, and 4) a High setting (scaling factor

= 1e-8) which is only occasionally used. The scaling factors

for each setting were empirically determined during develop-

ment as the most commonly used settings. The clinical staff

can quickly increase the filtering to the next highest level until

the noise is reduced to an acceptable level. More aggressive

filtering (particularly the High setting) tends to distort the

ECG as well, so the staff is instructed to only increase the

filtering setting if necessary. The None setting is used for

debugging, or in rare cases where the filter becomes unstable

(e.g. Figure 7, Case 3).

The PRiME software application provides a secondary

screen which displays the current filter weights for debug-

ging purposes. This screen also provides finer control over

the scaling factor for testing and evaluation purposes. The

software does not currently provide a method to save the filter

weights for later analysis. While the authors acknowledge the
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necessity of this information for evaluating filter performance

and future improvements, the real-time constraints of the

system required tradeoffs on the amount of data that could

be transferred and stored.

After the adaptive filter, the CSaAF module converts the

ECG and IBP digitized signals to pulse-width-modulated

(PWM) signals which are transferred over twisted-pair elec-

trical cables to the PSC module, which may be located in

either the control room or X-ray suite. PWM signals are

relatively tolerant to electrical noise pickup when long cables

are needed to connect the CSaAF and PSC modules.

C. PHYSIOLOGICAL SIGNAL CONVERTER (PSC)

The PSC module converts the digital output of the CSaAF

module into an analog format compatible with commercial

hemodynamic recording systems. The PSC module con-

verts the unipolar digital signals to bipolar signals, demod-

ulates the signals using a 2-stage Sallen-Key filter, and,

finally, attenuates the analog signals to transducer-level volt-

ages [16]. These signals connect to the commercial hemo-

dynamic recording system (e.g., SENSIS, Siemens Medical

Systems, or MacLab, GE), which enables the operators to use

the same recording system employed for conventional X-ray

guided procedures. The recording systems offer important

features, including case annotation and connection to the

hospital information network. Custom adapter cables [11]

are required to connect the PSC output signals to the analog

input connectors of the commercial hemodynamic recording

systems.

D. HUMAN SUBJECT STUDIES

The PRiME system was tested in one adult patient and

six pediatric patients undergoing MRI-guided right heart

catheterization. The research studies were approved by

the local Institutional Review Boards of the respective

institutions (adults: National Heart and Lung Institute,

pediatric: Children’s National Medical Center). Written

informed consent to participate was obtained from all sub-

jects or guardians. All MRI scans were conducted on at

1.5T (Aera, Siemens Medical System) equipped with high

performance gradient hardware with 45 mT/m maximum

amplitude and 200 mT/m/ms maximum slew rate. Subjects

were scanned using 3 6-element torso coils placed on the

anterior and posterior chest.

Unless otherwise noted, real-time MRI scans used a bal-

anced steady-state free precession (bSSFP) acquisition with

flow-sensitive dark blood magnetization preparation (flip

angle = 45◦, TE/TR = 1.29/2.6 ms, FOV = 400 mm,

slice thickness = 8 mm, number of interleaved slices =

1-3 (oblique image orientations), in-plane resolution:

2.5 × 3.33 mm, parallel imaging acceleration factor = 2,

bandwidth= 1008 Hz/pixel, [5]). The interactive bSSFP scan

allows slice orientation to be changed on the fly, which can

affect the nature of the gradient interference noise on the

ECG signals.

E. PATIENTS

Adult and pediatric patients were studied as part of a

MRI-guided right heart catheterization protocol. ECG and

IBP data was recorded during the procedure. IBP was

measured in the femoral artery through a sheath and var-

ious chambers on the right side of the heart through a

balloon wedge end-hole catheter (7 Fr Teleflex, Arrow,

Limerick, PA). ECGdatawas recorded during real-time inter-

active scanning, function studies with cine imaging, and flow

measurements with 2D phase contrast imaging with spoiled

gradient echo.

F. DATA ANALYSIS

Analysis of how the complete PRiME system performs is

complicated by the inability to simultaneously acquire cor-

rupted and non-corrupted ECG signals in an MRI environ-

ment. The amplitude of the unfiltered noise (from both the

RF pulses and gradients) is on the order of volts to tens of

volts, while the ECG is less than 5 mV. The large dynamic

range and inherent filtering in any circuitry used prevents the

direct acquisition of the signals for comparison. The gradients

only appear to induce noise on the ECG from a living subject,

preventing the use of gel phantoms during testing. Currently,

there is no knownmodel which allows the accurate simulation

of MRI corrupted ECG signals (i.e., start with an ideal simu-

lated ECG then add noise based on MRI imaging parameters

and patient physiological parameters). Comparing results to

ECG acquired outside the MRI environment is not feasible

due to the MHD effect, which distorts the ECG to a degree

which dominates standard types of analysis (e.g. signal-to-

noise ratio). Comparing the unfiltered, non-distorted ECG

acquired from outside the MRI with that acquired during

imaging yields at best a pseudo-quantitative comparison as

these signals are not acquired simultaneously. Therefore, the

analysis presented here focuses on the performance of the

adaptive filter only. While the design and implementation

of the analog circuitry (PSA module) is critically important

to overall system performance, we do not have the means

of providing objective measures for the PSA module. Also,

as the primary concern is the performance in a clinical setting,

we only analyze actual patient data as simulated data would

only be an inaccurate representation of true patient data due

to the lack of appropriate models.

The design of the IBP circuitry (section II.A) effectively

removes RF interference induced on the IBP cabling. Unlike

the ECG electrodes and cabling, the IBP transducers and

cabling are completely outside the MRI bore which prevents

gradient-induced noise from coupling into the IBP signals.

Therefore, the IBP signals do not pass through the adaptive

filter and no analysis results are shown for the IBP signals.

For the analysis presented, the data is saved using the

PRiME software application. The data files contain all dig-

itized PSA signals (i.e. ECG electrode signals prior to the

adaptive filter and both IBP signals) as well as signals

digitized, or processed, through the CSaAF (i.e., the ECG
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electrode signals after the adaptive filter) and all three dig-

itized gradient signals. Due to limitations of the software

and the clinical environment, these types of data sets are not

saved for all patients. Therefore, we are not able to provide

information on the system performance over a larger sample

of patients. In the future, we hope to update the software

to save this information automatically in a format that will

allow for better performancemonitoring and post-analysis for

system development.

1) SELECTION OF DATA

To compare analysis results from different cases, the data

analyzed was restricted to a single lead over a 10 second

window for each case. For each subject, 3 types of ECG data

were acquired: 1) the patient positioned outside the magnet,

which provides a baseline ECG signal assumed to be free

of distortions introduced by MRI, 2) the patient positioned

within the MRI bore without imaging, which provides a sec-

ondary baseline ECG signal incorporating the MHD effects,

and 3) the patient positioned inside the bore during image

scanning.

Our justification for selecting a single lead is due to prac-

tical considerations related to the ECG electrode placement

during MRI-guided cardiovascular interventions. The ECG

electrodes are placed in a much smaller area around the heart

than is typical in a non-MRI environment to avoid large

wire loops and minimize induced gradient effects (and more

distortion) at the expense of ECG signal amplitude [6]. Also,

to minimize procedure time, we forego optimization of lead

placement. Further, MHD effects can sometimes cause sig-

nificant changes to the ECGwaveform. During interventional

procedures, the best lead with most reliable signal is selected

for gating. Hence, we use this selected lead in the quantitative

evaluation of the PRiME system. For this analysis, Lead I was

preferred as the selected lead, but occasionally Lead II was

selected.

The 10 second window used for quantitative evaluation

was chosen at the beginning of a scan unless obvious motion

artifacts were noticed. The limited window was used to

avoid sources of external sources signal distortion exter-

nal (e.g. patient motion) during a single constant imaging

sequence. The duration of imaging sequences as well as the

need to isolate the effects of gradient induced distortion were

the primary determinants of window width.

2) IMPLEMENTATION

The analysis described in the following paragraphs

was implemented in MATLAB (Mathworks, Natick,

Massachusetts) using the data saved through the PRiMEmain

application software. The MATLAB scripts are provided

through the PRiME GitHub site [10].

3) QUANTITATIVE SIGNAL EVALUATION: NOISE PEAK

DETECTION

In most cases, the strong gradients used in the contrast-

prepared real-time imaging sequence, introduce sharp noise

spikes in the ECG data. By comparing the number of detected

noise peaks measured pre-filtering to the number of detected

noise peaks post-filtering, we can obtain a simple metric

for the effectiveness of the filter. The noise peak detection

algorithm did not require user intervention, but the results

were manually reviewed to verify false positives or false

negatives. The reported numbers include all detected peaks.

The algorithm uses the information from the gradient control

signals to help determine noise peaks, allowing the algorithm

to work over a wide range of ECG amplitudes and wave-

forms. Peaks in the gradient control signals were located

assuming a minimum peak width of 2 ms, a maximum peak

width of 15 ms, a minimum separation of peaks of 50ms,

and a minimum height of 1500 ADC counts. Once each

gradient peak was located, the ECG signal was scanned at

those locations using a 51 ms window. The 51 ms window

allows for the fact that the gradients can induce noise prior

to the maximum gradient peak detected as well as filtering

effects which may skew the noise peaks. The window also

provides more information for the detection of the noise peak

(if present) and a better estimate of the true height of the peak

compared to the surrounding signal. Within each window,

a noise peak is defined at the largest signal which is at least

15 ADC counts and minimum width of 2 ms.

4) BASIC STATISTICS OF DETECTED NOISE PEAKS

While the adaptive filter can eliminate some noise peaks,

other noise peaks will only be reduced in value. Due to

the liberal definition of a noise peak, some detected noise

peaks are of a size that will not affect interpretation of the

ECG or triggering for gated imaging sequence. Therefore,

we also calculate the mean and max values of the peaks to

measure how well the adaptive filter reduced the noise, even

if the filter did not completely eliminate the noise. The maxi-

mum value of the noise peaks is important as high amplitude

noise peaks can easily be misinterpreted as an R-wave and

may affect triggering in gated imaging sequences. The mean

values of the peaks can be used to show how the adaptive

filter performs overall, even if a single large noise peak is not

suppressed.

5) DETECTION OF QRS FOR TRIGGERING

As the IBP signals are not corrupted by MRI-induced noise

in the PRiME system, triggers generated from the IBP signals

provide a gold-standard for the number of triggers to expect

in each dataset. To show improvements in the triggering

capability of the PRiME system, we compare the number

of ECG-based triggers to the number of IBP-based triggers.

Since the generated triggers are not recorded with the rest

of the data, we implemented a software algorithm to gen-

erate a new set of triggers. The algorithm low-pass filters

(Butterworth IIR filter, n = 4, Fc = 20Hz) the ECG signals,

then takes the differentiation. The level threshold is calculated

by taking 50% of the maximum of the in-bore signal. This

threshold is applied to the pre- and post-adaptive filtered ECG

signals. The IBP signal is also low-pass filtered (moving aver-

age filter of length 101 samples). The Matlab ‘‘findpeaks’’

function is then used to detect peaks in the IBP waveforms
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(minimum peak distance of 500 samples, and minimum peak

prominence of 500 samples).

III. RESULTS AND DISCUSSION

A. PREVIOUS WORK

Our group previously conducted a limited demonstration [2]

using an adaptive filtering algorithm on physiological signals

in an MRI interventional cardiovascular application. This

legacy hardware only supported two ECG leads, and did not

support IBP signals, which is commonly monitored in many

animal and human cases.While the systemwas upgraded [17]

to support 6-lead ECG and integration with commercial

hemodynamic recording systems, there were design choices

limiting its regular use in clinical cases. The ECG signals

were transmitted as analog signals over fiber optic cables.

This analog transmission limits scalability to a larger number

of ECG leads due to the need for one fiber wire for each

ECG electrode. Also, the fiber optic transmitters were not

intended for analog transmission, which required tedious

and precise manual adjustment (e.g. signal offset voltage)

of each channel to minimize signal distortion caused by the

LED driver circuitry within the fiber optic transmitter. The

driver adjustments were required before each use, introduc-

ing significant disruption to the clinical workflow. While

the current PRiME-PSA module inherited the ECG pre-

amplifier circuitry, we made significant changes as described

in Section II.A; including the addition of first stage low pass

filter (with high frequency components) and reordering of the

stages to minimize noise propagation and signal saturation.

The base components (integrated circuits, etc.) were main-

tained as they were known to work relatively well in the MRI

environment.

Tse, et al. [7], demonstrated an alternate solution which

monitors the MRI gradient control signals and disables the

ECG amplifier circuitry to prevent the larger distortions from

saturating the ECG signal. This methodology requires pulse

sequences with a TR >= 4ms, which is not suitable for

standard real-time imaging sequences such as the bSSFP

(TR = 2.6ms) [5]. Tse also reported an MHD removal tech-

nique, which we have chosen not to address in our current

work (see discussion in introduction).

Felblinger, et al. [18] successfully demonstrated a 4-lead

ECG system sufficient for basic patientmonitoring and gating

MRI sequences. However, the system was not demonstrated

with real-time sequences common in interventional proce-

dures and did not support IBP.

B. PEDIATRIC PATIENTS IN MRI-GUIDED

CARDIOVASCULAR INTERVENTIONS

As mentioned in the introduction, the noise and distortion

will vary greatly among patients, volunteers, and animals.

Therefore, experimental setups using volunteers and animals

must analyzed on a case-by-case basis. Also, the variability

of the noise and distortion observed on the ECG signals

prevents the intentional generation of reproducible noise in

an experimental laboratory setting. Due to these restrictions

and the value of MRI-guided interventions to pediatric cases

(see below), we chose to evaluate the performance of PRiME

using patients undergoing IRB-approved clinical protocols to

demonstrate the value of PRiME in allowing the translation

of MRI-guided cardiovascular protocols to clinical use.

Pediatric patients who must undergo regular right heart

catheterization (RHC) procedures (e.g. congenital heart dis-

ease or heart transplant patients) are at increased risk due to

aggregate exposure from ionizing radiation [19]–[23]. These

patients greatly benefit from MRI-guided RHC procedures,

which require a reliable hemodynamic recording system

compatible with the MRI environment.

Pediatric protocols are time-limited as pediatric patients

are typically placed under anesthesia during the procedure.

Hemodynamic recording systems used during these proce-

dures require quick setup and minimal adjustments so the

clinical staff can maximize the available time for the RHC

procedure and remain focused on the patient. Noise removal

algorithms which require training time prior to the procedure

would also negatively impact patient care. The PRiME sys-

tem can be setup within minutes, and requires minimal inter-

action when establishing a good trigger for gated sequences.

MRI rooms are generally not appropriate for patient prepa-

ration prior to a catheterization procedure. At NIH and

CNMC, patient preparation is done in an adjacent X-ray

catheterization suite. At facilities without an adjacent X-ray

suite, patient preparation is typically done in a nearby room.

The PRiME system allows the hemodynamic recording to

begin during preparation and continue uninterrupted during

transfer to the MRI suite. The fiber optic cable does limit

the distance between the preparation site and MRI suite, but

long fiber optic cables can be used without interfering with

performance.

During an actual patient protocol, most facilities require

the ability to save hemodynamic signals to their hospi-

tal information network. In traditional X-ray catheteriza-

tion suites, this functionality is provided by systems such

as the SENSIS (Siemens Medical Solutions, Erlangen,

Germany), or Mac-Lab (GE Healthcare, Chicago, Illinois).

PRiME provides conversion of the filtered signals to an

analog format appropriate to these systems. This conver-

sion allows clinical staff to use their standard catheterization

workflow without the need of additional training or support

of novel information technology equipment.

C. REAL-TIME IMAGING

A typical ECG recording from a normal volunteer during real-

time bSSFP scanning is shown in Figure 5A shows a typical

ECG waveform before the patient is inserted into the MRI

bore. Figure 5B shows an example of a typically enlarged

T-wave that results from MHD upon insertion of the patient

into the bore. Figure 5C shows the effects of the gradients

during scanning as sharp noise spikes (circled in red), which

further corrupt the ECG signal and make cardiac gating and

triggering difficult. Finally, Figure 5D shows the same ECG
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FIGURE 5. Example of removal of gradient-induced noise.
Part A: A typical ECG signal of a patient outside the MRI bore.
Part B: As the patient is moved into the bore, magnetohydrodynamic
(MHD) effects cause various changes, such as an exaggerated T-wave
(highlighted in yellow). Part C: the switching gradients of a typical
real-time scan induce noise spikes in the ECG signal (highlighted in red).
Part D: the adaptive filter of the PRiME system is able remove this
gradient-induced noise spikes, however the MHD effects remain.

FIGURE 6. Example of gradient effect on ECG. A: Typical gradient control
signals from a real-time scan. All 3 gradients (X, Y, Z) are combined into a
single signal for display purposes. The gradient control signals passed
through a 5kHz low pass analog filter, sampled at 10kHz, and subsampled
to 1kHz with an appropriate anti-aliasing filter to match the ECG sampling
rate. B: a typical ECG signal during a real-time scan in which the
gradient-induced noise is evident.

trace after adaptive filtering with PRiME. As noted earlier,

the adaptive filter cannot remove the distortion caused by

MHD effects.

Typical gradient control signals as acquired from the

MRI control equipment are shown in Figure 6A, with the

FIGURE 7. Example ECG segments of the 6 pediatric cases used to
demonstrate the PRiME system. The first column shows the ECG segment
before the adaptive filtering is applied, and the second column shows the
same ECG segment after the adaptive filtering. In most cases, the adaptive
filter improves the signal, but in some cases (3,6), the filter deteriorates
the signal further due to an instability in the filter. In the last case (6), this
was resolved by resetting the filter taps. In case 3, the instability may
have been caused by gradient signal saturation in the PRiME system.

corresponding effect of the gradients on the ECG is shown

in Figure 6B. Here, all three gradient controls signals are

summed and shown as a single waveform for simplicity.

The real-time sequence used during catheter intervention is

characterized by 1-3 slices interleaved, with the acquisition

of data for each slice being prefaced by a contrast preparation

sequence that utilizes strong gradients with high gradient slew

rates. Figure 6A displays one sharp peak per imaging slice

and the polarity of the slice varies as image orientation is

adapted in real-time.

Data from six pediatric cases were used to demonstrate

the performance of the PRiME system. The ECG signal for

each case is displayed in Figure 7, with the first column

showing the ECG prior to the adaptive filter and the second

column showing the same signal after the adaptive filter.

QRS complexes are highlighted by green arrowheads along

the top of each ECG trace. In the first case (Case #1),

the gradient-induced noise was minimal, and the adaptive

filter was effective in removing the smaller noise spikes.

In Case #3, while the gradient-induced noise spikes do not

seem particularly bad (as compared to other cases), the adap-

tive filter performed poorly, generating periodic offsets in

the waveform. Occasionally, a previous scan will cause the

adaptive filter to become unstable, but resetting the filter

weights would restore function. For the case shown, resetting

the filter weights did not resolve the instability. In Case #6,

there is very little induced noise caused by the gradients.

However, the adaptive filter became unstable and gener-

ated oscillations in response to the gradient control sig-

nals. Resetting the filter weights removed this instability

(not shown), but the instability occasionally returned. Details

on the filter state are not saved with the data, preventing
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FIGURE 8. A: Example of invasive blood pressure (IBP) signal during a
real-time MRI scan. B: The gradients control signal which reflects the
strength and slew rate of gradient waveforms shows no effect on the IBP
waveform. Therefore, no adaptive filtering is performed on the
IBP signal.

post-analysis of the adaptive filtering performance. In the

remaining cases (#2, #4, #5) the gradient-induced noise

is pronounced, resulting in difficulty to clearly distin-

guish a valid R-wave from the gradient-induced noise

spikes. However, the adaptive filter was effective in remov-

ing this noise, enabling the clinician to clearly distin-

guish the true R-wave, and allowing for improved trigger

performance.

In all pediatric cases analyzed, IBP signals were collected

and used clinically. There was no noise detected on the IBP

signals during any of the cases, therefore we did not perform

analysis on these signals. Figure 8 shows a typical IBP signal

waveform during image scanning.

In all but one case (Case #3), PRiME processing with adap-

tive filtering corrected the trigger detection (Figure 9A). The

detected number of triggers using the filtered ECG closely

matches the number triggers from the IBP signal, which does

not suffer from EMI. This is critical as invasive measures may

not always be available, and thus PRiME should enable more

successful cardiacMRI scans through improvement in trigger

detection after adaptive filtering.

When the PRiME adaptive filter is effective, there is a

reduction in the number of noise peaks ranging from 3% to

32% (Figure 9B). The maximum amplitude of the detected

noise peaks is reduced by greater amounts, ranging from 27%

to 81%, while the mean amplitude is reduced by 39% to

88% (Figure 9C). The number of QRS detection errors was

reduced from a median of 18 errors to 0 errors (Figure 9A),

with a single false trigger detected on Case #5, and significant

errors on Case #3 (where the adaptive filter failed com-

pletely). These combined results indicate that even though

the adaptive filter does not completely eliminate the noise

peaks, the filter is generally very effective in reducing the

peaks to manageable levels. For example, the second and

fourth cases in Figure 7 demonstrate data successfully fil-

tered, even though the number of detected peaks in both cases

was reduced by only 3%.

FIGURE 9. A: Comparison of triggers detected before and after adaptive
filtering. The number of triggers detected in the 10 second period
decreases from a median of 18 errors to 0 errors, indicating the removal
of noise-generated triggers. For this data, the IBP signal which is
uncorrupted by EMI was used as a gold standard. B: Percentage change in
detected noise peaks due to adaptive filtering. C: Percentage change in
mean height of detected noise peaks.

D. NON-REAL-TIME IMAGING

While the focus of this paper is on the real-time bSSFP

sequences used during the catheterization procedure,

the PRiME system can be used during other sequences.

In Figure 10, a subset of non-real-time scans that are typical

of a diagnostic scan are shown, each demonstrating various

types of ECG signal noise. Though other scans were also

carried out, they were not included in this discussion as they

displayed similar noise patterns or had only minor EMI.

Other scans typically performed (e.g., lung perfusion

scans) are not shown as very little noise is present on the

ECG signals. The anatomical localizer scan (Figure 10A,

3 orthogonal planes, 30 slices in each orientation acquired

with bSSFP, flip angle = 58◦, TE/TR = 1.23/2.8 ms,
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FOV = 400 mm, slice thickness = 4.5 mm, in-plane res-

olution = 1.67 × 2.5 mm, parallel imaging acceleration

factor = 4, bandwidth = 1157 Hz/pixel) shows considerable

noise. The majority of EMI is removed by the filter, but on

a longer time scale than shown in the figure, indicating that

the filter parameters that are typical for real-time imaging

may not be ideal for all MRI scans. However, since localizer

scans are short in duration and rarely cardiac gated, the filter

settings are less critical.

The pulmonary transit time measurement scan (spoiled

gradient echo sequence, sagittal slice, flip angle = 30◦,

TE/TR = 1.32/34.47 ms, FOV = 400 × 325 mm, slab thick-

ness = 20 mm, in-plane resolution = 2.01× 1.75 mm, band-

width = 400Hz/pixel, 130 consecutive measurements) shows

low amplitude, high frequency noise which is effectively

removed (Figure 10B). The 3-chamber cardiac cine scan

(bSSFP, free-breathing with scan duration = 8-16 s, [24])

shows a small spike at the start of the scan, that is removed by

the PRiME adaptive filter (Figure 10C). This low amplitude,

short duration noise spike is common among other scans

during the start and end of the scan, and is most likely due to

large spoiler gradients or coil sensitivity maps. The adaptive

filter is usually not effective at removing this type of noise

due to its very brief duration.

FIGURE 10. Examples of non-real-time scans. In all examples, the first
column is before the adaptive filter, the second column is after the
adaptive filter, and the third columns is the sum of all the gradient
control signals. Row A is a anatomical localizer scan, Row B, is a
pulmonary transit time measurement scan, Row C is a 3 chamber cardiac
view scan, and Row D is an aortic flow scan. More details on each scan
can be found in the Results and Discussion section.

Finally, the aortic flow scan (free-breathing retrospectively

triggered phase contrast spoiled gradient echo sequence,

flip angle = 20◦, TE/TR = 2.77/5 ms, FOV = 350 mm,

in-plane resolution = 1.37 × 1.37 mm, slice thickness =

6mm, 3 averages, bandwidth = 454Hz/pixel) demonstrates

removal of a strong distortion of signal due to respiratory

motion (Figure 10D), which can have a large effect on simple

triggeringmethods. Generally, scanswhich use slowly chang-

ing gradients will have little induced noisewhereas scanswith

very short, large amplitude (e.g., step changes producing high

frequency components) gradient shapes will induce more

noise spikes. In addition, if the duration of an imaging scan

is very short, the adaptive filter will not have time to adapt to

the gradient signals, reducing its effectiveness.

IV. CONCLUSION

The primary aim of this work was to develop a MRI com-

patible high fidelity hemodynamic recording system front-

end which could be used during interventional cardiovascular

MRI procedures. We designed a compact front-end system,

comprised primarily of off-the-shelf components facilitating

reproduction by other sites. The PRiME system acquires six

ECG electrode signals and two invasive blood pressure sig-

nals, and serves as a front-end to a commercial hemodynamic

recording system to retain the interface and features typi-

cally used during X-ray guided procedures. The schematics

and assembly instructions are publicly available [10] without

charge, or license. The PRiME system should be considered

an investigational device, and the appropriate institutional

review and ethics boards should be consulted before use.

Typically, the adaptive filter is capable of significant reduc-

tions in MRI gradient-induced noise spikes, which improves

interpretation of the ECG signal and MRI triggering capa-

bilities. It is important to note that the analysis of this paper

does not consider noise reductions achieved by the overall

circuit design and implementation, which could not be easily

measured due to the lack of a physiological recording system

front-end alternative. The PRiME system is not guaranteed to

eliminate all gradient-induce noise in the ECG signals, and

there is currently no reliable predictor for when PRiME will

be ineffective.

In the research environment in which PRiME was devel-

oped, dedicated staff were consistently present to make

system adjustments (e.g., adjusting the adaptive filter beta

parameter) to improve performance and record data for later

troubleshooting. As the PRiME system became sufficiently

stable for use in investigational cases, more focus has been

placed on increasing usability and the need for manual adjust-

ments. Some areas of active development include the ability

to prevent the adaptive filter from entering an unstable state,

the ability to automatically reset the filter weights, and the

ability to pre-load filter weights based on the active scan to

reduce convergence time. We also continue to develop more

advanced triggering methods and features for improved per-

formance and flexibility over a larger variety of scans, as well

as to minimize manual adjustments by the staff. We are also

investigating the use of wireless communication to eliminate

the need for the fiber optic cable. Finally, we will continue to

evaluate and improve the designs of the front-end electronics

and adaptive filter algorithm.

We have successfully designed and implemented an MRI

compatible high fidelity hemodynamic recording front-end

system for use in interventional cardiovascular MRI proce-

dures. The system performance has been adequate to be used

routinely in over 39 pediatric [3] and 102 adult [4] cardiovas-

cular interventional procedures as an investigational device.
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We have demonstrated significant reductions inMRI-induced

noise on ECG signals. The PRiME open-source design and

fabrication guidance enables duplication by other researchers

in the interventional cardiovascular field, allowing further

improvements and research opportunities.
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