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Abstract

A low cost device for performing real-time direct arterial blood pressure

measurements was designed for use in preclinical studies at the Hospital for

Sick Children. The principal design challenge was designing an MRI compatible

ampli�er for used with the Transpac IV blood pressure transducer. The system

was required to conform to a large variety of MRI safety standards:, as well

as operating room sterility requirements. Analysis was carried out to minimize

the e�ects of the MRI scanner’s high power electromagnetic noise output on

the ampli�er, and to determine the amount of pressure attenuation caused by

extending the invasive blood pressure line out of the MRI scanner’s bore. The

system’s accuracy was tested using bench-top models, and it was �eld tested in

a three hour animal experiment at the Hospital for Sick Children. The system

outperformed three commercially available systems in terms of accuracy and

noise immunity, and it costs 90% less than the least expensive commercial

alternative. Future work includes designing an integrated system to replace

the electronic test equipment that was used in prototype testing, and building

medical grade enclosures for the components.

ii



Contents

1 Introduction 1

1.1 Background on MRI and Gated Acquisition . . . . . . . . . . . . . . 1

1.1.1 Overview the MRI Environment . . . . . . . . . . . . . . . . . 2

1.1.2 Hazards of the MRI Environment . . . . . . . . . . . . . . . . 3

1.2 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Samba Preclin - $11,500 CAD . . . . . . . . . . . . . . . . . . 4

1.2.2 Transonic Ultrasonic - $10,200 CAD . . . . . . . . . . . . . . 4

1.2.3 SA Instruments - $17,000 CAD . . . . . . . . . . . . . . . . . 5

1.2.4 Limitations of Existing Methods . . . . . . . . . . . . . . . . . 5

1.3 Design Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Statement of Need . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.2 Problem Definition . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Project Goals and Objectives . . . . . . . . . . . . . . . . . . . . . . 6

1.6 Expected Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Requirements and Speci�cations 8

2.1 Design Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Medical Device Sterility Requirements . . . . . . . . . . . . . 8

2.1.2 Functional Requirements . . . . . . . . . . . . . . . . . . . . . 8

2.1.3 User Requirements . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.4 Engineering Requirements . . . . . . . . . . . . . . . . . . . . 9

2.1.5 Mechanical Constraints . . . . . . . . . . . . . . . . . . . . . . 10

2.1.6 MRI Compatibility Requirements . . . . . . . . . . . . . . . . 10

2.2 Overview of Design Solution . . . . . . . . . . . . . . . . . . . . . . . 11

3 Engineering Analysis 13

3.1 Circuit Design Overview . . . . . . . . . . . . . . . . . . . . . . . . . 13

iii



3.1.1 Electromagnetic Interference Analysis . . . . . . . . . . . . . . 13

3.1.2 Transpac IV Analysis . . . . . . . . . . . . . . . . . . . . . . . 14

3.1.3 Amplifier Selection . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1.4 EMI Input Filter Design . . . . . . . . . . . . . . . . . . . . . 15

3.1.5 Cable Driver Amplifier . . . . . . . . . . . . . . . . . . . . . . 19

3.1.6 Power Supply Filter . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.7 Cable Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.8 Bridge Driver . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.9 PCB Design for MRI Compatibility . . . . . . . . . . . . . . . 22

3.2 Shielding Analysis and Design . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 Mathematical Model . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.2 Material Selection . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.3 Minimum Shield Thickness Calculation . . . . . . . . . . . . . 23

3.3 Catheter Length Analysis . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1 Mathematical Model . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.2 Mathematical Optimization . . . . . . . . . . . . . . . . . . . 27

3.3.3 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4 Final Detailed Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Bill of Materials for the Amplifier . . . . . . . . . . . . . . . . . . . . 32

4 Design Progression 34

4.1 Evolution of Design Solution . . . . . . . . . . . . . . . . . . . . . . . 34

4.1.1 Major Circuit Revisions from the Previous Prototypes . . . . 34

4.2 Technical Challenges and Resolutions . . . . . . . . . . . . . . . . . . 34

4.2.1 MRI System Noise . . . . . . . . . . . . . . . . . . . . . . . . 34

4.2.2 Invasive Blood Pressure Catheter Line Loss . . . . . . . . . . 35

4.2.3 Circuitry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.4 Shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3 Design Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

iv



5 Design Testing and Evaluation 38

5.1 Testing Procedures and Results . . . . . . . . . . . . . . . . . . . . . 38

5.1.1 Test I: System Noise Floor Measurement . . . . . . . . . . . . 38

5.1.2 Test II: Clinical Conditions Test . . . . . . . . . . . . . . . . . 40

5.1.3 Test III: Enclosure Acoustic Testing . . . . . . . . . . . . . . . 41

5.1.4 Test IV: Rigid Cannula Attenuation Testing . . . . . . . . . . 42

5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6 Recommendations 45

6.1 Circuit Design Revisions . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.2 Human Factors Considerations . . . . . . . . . . . . . . . . . . . . . . 45

6.3 Expansion of System Capabilities . . . . . . . . . . . . . . . . . . . . 46

7 Conclusion 47

8 Project Management 48

8.1 Team Member Roles . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

8.2 Schedule and Intermediate Deadlines . . . . . . . . . . . . . . . . . . 48

Appendix A: User Personas 49

Appendix B: Pressure Attenuation Code 51

v



List of Figures

1 Image of a fetal heart captured using a gated acquisition. The image

on the left shows the ventricles in relaxation, and the image on the

right shows the ventricles in contraction. Image credit: Chris Roy -

SickKids MRI Lab . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Floor plan of the MRI scan room and control room. . . . . . . . . . . 3

3 Previous Transpac IV amplifier prototypes. . . . . . . . . . . . . . . . 6

4 Components of the design solution and their connections. . . . . . . . 12

5 Power spectrum of the noise produced by a 3T MRI scanner, measured

with an MRI compatible EEG amplifier and an unterminated EEG

electrode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

6 CMRR vs. Frequency for the LT1167A instrumentation amplifier. Fig-

ure courtesy of Linear Technologies. . . . . . . . . . . . . . . . . . . . 16

7 RFI input filter schematic. . . . . . . . . . . . . . . . . . . . . . . . . 17

8 Analog devices EMI filter attenuation using standard precision capac-

itors vs using an X2Y overlapping pair of capacitors. . . . . . . . . . 18

9 LTspice Model Schematic. . . . . . . . . . . . . . . . . . . . . . . . . 20

10 Output of Cable Driver Amplifying Circuit in LTspice. . . . . . . . . 20

11 Power Supply Rejection Ratio vs. Frequency for the LT1167A Instru-

mentation Amplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

12 Infinitesimal transmission line element schematic diagram . . . . . . . 25

13 Simulated pressure loss using Equation 19 . . . . . . . . . . . . . . . 29

14 Full circuit schematic of the IBP transducer amplifier. . . . . . . . . . 30

15 PCB Layout of the IBP transducer amplifier. . . . . . . . . . . . . . . 31

16 System noise floor test plan schematic. . . . . . . . . . . . . . . . . . 39

17 System noise floor testing setup. . . . . . . . . . . . . . . . . . . . . . 39

18 Invasive blood pressure trace recorded on a Yorkshire pig. . . . . . . . 40

19 Enclosure acoustic test plan schematic. . . . . . . . . . . . . . . . . . 42

20 Rigid cannula attenuation test plan schematic. . . . . . . . . . . . . . 43

vi



21 Photograph of the line loss testing setup. . . . . . . . . . . . . . . . . 43

22 Experimental results of pressure loss with 4m of tubing . . . . . . . . 44

vii



List of Tables

1 Transpac IV Specifications . . . . . . . . . . . . . . . . . . . . . . . . 14

2 LT1167A Error Budget . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Parameters for skin depth equation . . . . . . . . . . . . . . . . . . . 23

4 Parameters for pressure wave equation . . . . . . . . . . . . . . . . . 27

5 Amplifier Bill of Materials . . . . . . . . . . . . . . . . . . . . . . . . 32

6 Receiver Estimated Bill of Materials . . . . . . . . . . . . . . . . . . 33

7 Project Schedule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

viii



Acknowledgements

Financial support, test equipment, and project guidance was provided by

the members of Chris Macgowan’s imaging lab at the Hospital for Sick Children

(SickKids). The team would like to thank Chris Roy, Elaine Stirrat, Ruth

Weiss, Marvin Estrada, Jun Dazai, Aneta Chmielewski, and Sadie Cook for

their assistance with device validation experiments and animal experiment in

MRI.

The group would also like to thank Orion Bruckman for his encouragement

and proactive assistance throughout the project, and David Wong for sharing

his knowledge of uids modelling.

ix



1

Introduction

1.1 Background on MRI and Gated Acquisition

Clinical magnetic resonance imaging (MRI) scanners have very long acquisition times,

typically 30 seconds to 3 minutes per image for 2-dimensional (2D) scans, and 6 to 10

minutes for 3-dimensional scans. This long image acquisition time is problematic for

the imaging of dynamic structures such as the heart and coronary arteries, because

a standard structural scanning protocol would produce an image that is too blurred

for clinical use, because the heart would be moving too much throughout the acqui-

sition. To resolve this problem, researchers reprogram the MRI scanner’s sampling

and reconstruction software, to use a imaging algorithm called gated acquisition [1].

In a gated acquisition, the motion of the heart is measured and recorded during

the MRI scan, typically using electrocardiogram (ECG) or a pulse oximeter. Dur-

ing image reconstruction, the measurements of the heart motion are correlated with

the MRI’s imaging samples. By correlating the imaging samples with the cardiac

phase (heart motion cycle), data from multiple heartbeats can be combined to form

a complete image of the heart at the desired point of the cardiac cycle. For example,

to measure the heart at diastole (the instant of maximum ventricle relaxation), the

MRI scanner would assemble imaging samples from the diastolic phase of hundreds

of heartbeats.

Gated acquisition is well established for the cardiac imaging of adults in MRI,

and current research at SickKids aims to adapt these techniques for more challenging

problems, such as imaging fetal cardiac anatomy, and measuring the blood oxygen

saturation of fetuses through image manipulation. The image below is an early result

from a clinical trial of a new fetal cardiac imaging protocol. In this acquisition,

the MRI scanner was to be gated based on the mother’s respiration, and the fetus’s

cardiac phase. This image is somewhat artifacted, but the fetus’s ventricles are clearly
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visible.

Figure 1: Image of a fetal heart captured using a gated acquisition. The image on the

left shows the ventricles in relaxation, and the image on the right shows the ventricles

in contraction. Image credit: Chris Roy - SickKids MRI Lab

During the development of gated acquisition scan protocols, researchers frequently

test their MRI scan protocols by scanning mechanical models. Various mechanical

models are used for different protocols, but most include some type of a pulsatile flow

element which mimics the motion of the heart. Also, some advanced gated acquisition

protocols, such as those designed for measuring fetal blood oxygen saturation, must be

validated on animal models before being used for clinical measurements [2]. During

these protocol validation studies, a more precise means of measuring the cardiac

phase than the standard non-invasive methods is required [3]. Invasive blood pressure

measurement is the method chosen by researchers at SickKids for the next series of

protocol validation studies in 2016-2017.

Overview the MRI Environment

The MRI scanner resides inside a custom built room. To protect the operators from

accumulative radio frequency radiation exposure, the entire MRI scan room is en-

closed in a copper Faraday cage. The only port running between the control room

and the scan room is a waveguide, which is 12 centimeters in diameter and located

underneath the operator console table. The waveguide is 6 meters away from the

MRI scan bed.
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Figure 2: Floor plan of the MRI scan room and control room.

Hazards of the MRI Environment

The SickKids MRI scanner has a base (unchanging) magnetic field strength of 3

Tesla, and a radio frequency output power of 18 kW (roughly comparable to the

output power of a local access television transmitter serving a 40 km radius) [4].

The base magnetic field is dangerous, because it will turn any pieces of unsecured

ferromagnetic material in the scan room into potentially deadly projectiles. The base

magnetic field is always present, even when the scanner is not in use. The high

radio frequency output power is also hazardous, because it can induce self heating in

conductive materials. In one unfortunate incident in MRI, a pulse oximeter with a

poorly designed battery self-heated so severely that it burned a patient’s toes off [5].

These objective hazards of the MRI scanning environment mean that all materials

placed in the MRI scanner bore must conform to strict engineering standards. For

the purposes of animal and mechanical scanning experiments, SickKids performs MRI

compatibility testing on all materials in-house, using a 7 Tesla test magnet located

in the Toronto Center for Phenogenomics.

There are also several ergonomic safety concerns. MRI technicians and clinical

staff need to be able to access the scanner at a moments notice in the case of an
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emergency. For this reason, it is essential that all cabling be run on the opposite side

the scan room to the door, and that the bed’s action is not obstructed by cabling or

surgical tubing.

1.2 State of the Art

There are three products on the market for doing invasive blood pressure measurement

in MRI. These are: the Transonic ultrasonic blood flow measurement system, the

SA instruments invasive blood pressure gating module, and the Samba Preclin IBP

measurement module. In 2015, SickKids research institute purchased and tested all

three systems, but unfortunately they were all disqualified for use in MRI experiments.

The cost of the instruments (the amount paid by SickKids when purchased including

accessories), and the reason for disqualification are tabulated below.

Samba Preclin - $11,500 CAD

This instrument was not fully MRI compatible, because the optical sensor fiber was

not long enough to extend from the scanner bed to the control room in Siemens 3

Tesla MRI scanners, forcing the technicians to place the receiver box at the edge

of the scan room. The receiver has a ferromagnetic enclosure, so this setup was

deemed to be unacceptably dangerous for normal research use. Additionally, the

optical catheters cost $500 each and they were typically destroyed after a single use,

making it prohibitively expensive to use this system for dry runs and experiments

with mechanical models [6].

Transonic Ultrasonic - $10,200 CAD

The Transonic flow probe measurement system uses ultrasound to measure blood flow,

which can be used as an approximate analog for blood pressure. This system failed

to operate correctly while the MRI scanner was running because it was susceptible

to the electromagnetic noise emitted by the MRI scanner.
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SA Instruments - $17,000 CAD

This system performed the best of those tested. Unfortunately, this system requires

placing a non-MRI compatible module into the scan room, and the system does not

provide a means to access the blood pressure measurements outside of the proprietary

software included with the device, which was unacceptable for some research appli-

cations. This device was also extremely expensive, so SickKids researchers were only

able to purchase a single unit to be shared by 25 scientists. This made it difficult to

do dry runs and bench top testing with the device before starting animal experiments.

Limitations of Existing Methods

In summary, all of the systems were either dangerous to operate, suffered from inter-

ference in the MRI scanner, or were prohibitively expensive. Cost is a major factor in

the selection of these devices, because SickKids purchases them using money raised

through charitable donation, and there is a strong ethical obligation to minimize re-

search costs wherever possible. Additionally, in the case of the systems with expensive

single use probes, it was much more difficult for scientists to do dry runs of animal

experiments using mechanical models, which resulted in mistakes being made during

those experiments.

1.3 Design Statement

Statement of Need

A low cost invasive blood pressure transducer for use in preclinical MRI studies that

maintains the accuracy and cleanliness standards of those already in industry is re-

quired. The device must be low cost relative to those already on the market, com-

pletely MRI compatible, and be endlessly reusable without needing to replace any

expensive components.
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