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Four focus areas of research

UNIVERSITY OF

OXFORD

" AI4D - Artificial Intelligence for Development
= Affordable Healthcare in Low & Middle Income Countries

= Scalable technologies to billions without access to healthcare
= Big data & crowd sourcing for automated healthcare
= Machine learning and signal processing on the phone

* Machine learning in Intensive Care
®= ‘The Internet of Things’

= Sleep & Circadian Rhythms

= Mental Health monitoring through smart phones

" Perinatal monitoring

= Spin out company form MIT & Tufts in 2008
= CTO (Mindchild Medical) mindchila

= FDA approved fetal monitor in 2012
G. D. Clifford



General Design:
Smart Phones, Dumb Sensors, Big Data




Example mHealth products

1. <S$10 Blood pressure monitor

2. Sleep apnea screening app

3. Mental health monitoring app

4. Jetlagapp

5. Electronic stethoscope app

6. Perinatal Screening with low cost ultrasound and pulse oximeter
7. BabeeMon —a low cost neonatal monitor

8. CVDrisk screening and lifestyle app

9. ECG screening app for rhythm

10. Telespiro —a low cost spirometer for COPD and asthma

11. Sana Mobile —and end-to-end mHealh medical record system
12. Drug-Drug interaction app

13. Smart Water — intelligent water pumps for Africa

G. D. Clifford
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engineeringworldhealth

1%t prize in the annual
Engineering World Health
Design Competition

DELL
SOC|AL e S1 pressure sensor, plugs into S1 pressure cuff
IHHOVAT]Q“ e USB for communication and power
CHALLENGE e Plugs directly into phone
Best Innovation e Phone does all the calculations, checks quality
L ing Technol

everaging fechnology e Checks posture and teaches user
Award in the
International Dell Social e Uploads data direct to medical record

Innovation Challenge G. D. Clifford



What is the (clinical) point of ECG?

Pros h
e Accurate rhythm detector

* |schemia (ST changes) fas
* Adverse drug effects (long QT) dﬂ |
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C O n S . Recording Conventions, Waveform Nomenclature, and Normal Values for the Electrocardiogram.

e Skin prep and accurate multilead placement needed for
subtle features

— E.g., ST analysis requires at least 5 precordial leads
* Current algorithms: High Se, Low Sp
— They need an expert to filter and with P:D of 50k:1 ...!



Typical ECG signal
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Typical 12 ECG signal
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The Dipole Model

The lIdealized Spherical Torso with the Centrally Located
Cardiac Source (Simple dipole model)



Clinical Lead Placement

* Einthoven Limb Leads (bipolar):

The Einthoven limb feads (standard leads) are defined in the following way:

Lead [ Il.-"'| = (DL- (I:'H
Lead II: II.-"'|| = (DF - (IJR
Lead Il Il-"'||| = ':I:'F - ¢'|_

where V) = the voltage of Lead |
i) = the voltage of Lead Il
)i = the voltage of Lead Il
P = potential at the left arm
Pr = potential at the right arm
Pr = potential at the left foot

(The left arm, right arm, and left leg (foot) are also represented with
symbals LA BA, and LL, respectively.)

According to Kirchhoff's law these lead voltages have the following relationship:
W)+ W) =

hence only two of these three leads are independent.



Precordial leads

* Unipolar — measured with respect to ref

e So an artifact on ref lead affects all
leads!

The location of these leads is as follows:

V1 on the fourth intercostal space at the nght sternal margin

V5 on the fourth intercostal space at the left sternal margin

Vo midway between leads V2 and V4

V4 on the fifth intercostal space at the midclavicular line

Vs on the anterior axillary line at the horizontal level of lead V4

Vg on the midaxillary ling at the horizontal level of lead V4




Frontal Plane Leads
e Useful for axis analysis
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12 Lead ECG

12 clinical leads

Spatial
oversampling

To identify
localized issues

Can approximate
them all from a
VCG (X-Y-Z) with
Dower Transform

V2
TRANSVERSE




Typical 12 ECG signal

Dipole model is just an approximation

Near field effects -> must spatially oversample

— E.g. Ischemia on left side of heart does not show up on leads
located near right side

Lead choice depends on what you are looking for!
Prior is important!

12 lead if you have no idea what you are looking for (or
where)

— But watch out for FP: “A healthy person is someone who has
had no tests performed on them”

Single lead (or two/three for SQl) is suitable for rhythm



Electrode placement for this lab

V, = (potential at LA) — (potential at RA)
V, = (potential at LL) — (potential at RA)
V,, = (potential at LL) — (potential at LA)

The right leg (RL) is usually the ground

4.8] |
1T416:21.7 141626.7



Rhythm strips

Sinus Arrhythmia
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Non-sustained VT

Rhythm strips

Atrial Fibrillation (2 examples)
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Rhythm Strips

Three Examples of Ventricular Fibrillation
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Look at current mHealth examples

* iCore gets a lot of press:

e But can it deliver?

Patient with Atrial Fibrillation — untreated leads to increase p(death)



Design pluses

Uses RF technology to pair phone with device

Can store and transmit data afterwards

— Although only by email — needs to be integrated into
EMR which will record all doctor activity

Can be used rapidly — you are likely to carry it
Could be shipped with phone




Design flaws

Expensive attachment

Not integrated (?)

Expensive phone required
Requires its own battery source

Wrong operational modality (noisy |
lead to lots of false positives (and negatlves)

Requires expert user — no different from any
other ECG — just a smaller screen

Expert annotations not captured
No in-built intelligence / user feedback




General system design

Defib protection
Isolation
Filtering
Amplification

Anti-alias filtering
Digitization
Signal processing

SKin m— m—

Source Isolation HPF Amplification Antialiasing LPF



Recording the ECG — electrode choice

 Torecord ECG - a transducer capable of converting the
ionic potentials generated within the body into electronic

potentials is required

* Such a transducer is a pair of electrodes and are:

— Polarisable (which behave as capacitors)
— Non-polarisable (which behave as resistors)
— Both; common electrodes lie between these two extremes

* Most commonly used: silver-silver chloride electrode,
which is closer to a non-polarisable electrode

* Think about supply chains — these go off quick and are
expensive




ECG Amplification

o~

* Problems in ECG amplification

— The signal is small (typical ECG peak value
~1mV) so amplification is needed

— Interference is usually larger amplitude
than the signal itself



15t Problem: Electric Field Interference

Capacitance between power lines and system
couples current into the patient

This capacitance varies but it is of the order of
50pF (this corresponds to 64MQ at 50Hz ...
recall Xc=1/@C )

If the right leg is connected to the common
ground of the amplifier with a contact
impedance of 5kQ, the mains potential will
appear as a ~20mV noise input.

the 50 Hz interference is common to
both measuring electrodes!

(common mode signals)

5kQ

Electrical power system

:-!_50 pF

RL L




The solution

The ECG is measured as a differential signal.

The 50/60Hz noise, however, is common to all the
electrodes.

— It appears equally at the Right Arm and Left Arm terminals.

Rejection therefore depends on the use of a
differential amplifier in the input stage of the ECG
machine.

The amount of rejection depends on the ability of
the amplifier to reject common-mode voltages.



Common Mode Rejection Ratio (CMRR)

I// = ch+ Vd Ad & Acm Vout= Acmvcm * AdVa’

CMRR=A_/A.__

(ratio of differential gain to common mode gain)

Often expressed in power: CMMR = 10log10(Ad/Acm)?



Three Op-Amp Differential Amplifier
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Three Op-Amp Differential Amplifier
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2"d problem: Magnetic Induction

e Current in magnetic fields
induces voltage in the loop
formed by patient leads

The solution is to minimise the
coil area (e.g. by twisting the
lead wires together)

The noise is now common to
both inputs and is cancelled at
differential amplifier

Twisted pair cabling minimises
cross talk in communication
lines



34 problem:
Source impedance unbalance

* |f the contact impedances are not balanced (i.e. the
same), then the body’s common-mode voltage will be
higher at one input to the amplifier than the other.

Tissue

Electrode—electrolyte interface
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34 problem:
Source impedance unbalance

* |f the contact impedances are not balanced (i.e. the
same), then the body’s common-mode voltage will be
higher at one input to the amplifier than the other.

 Hence, a fraction of the common-mode voltage will be seen
as a differential signal.

* So make sure you use the same electrodes & wires (and
same age of electrodes/wires) on each electrode



Summary

e QOutput from the differential amplifier consists of
three components:

— The desired output (ECG)

— Unwanted common-mode signal because the common-
mode rejection is not infinite

— Unwanted component of common-mode signal (appearing
as pseudo-differential signal at the input) due to contact
impedance imbalance



Driven right-leg circuitry

* The common-mode voltage can be controlled
using a Driven Right-Leg Circuit.

A small current (<1pA) is injected into the

patient to equal the displacement currents
flowing in the body.



Driven right-leg circuitry




Driven right-leg circuitry

The common-mode voltage can be controlled using a Driven
right-leg circuit.

A small current (<1pA) is injected into the patient to equal the
displacement currents flowing in the body.

The body acts as a summing junction in a feedback loop and
the common-mode voltage is driven to a low value.

This also improves patient safety (Ro is v. large).

— If an abnormally high voltage appears between the patient and ground the auxiliary op-amp
in the right leg circuit saturates.

— Effectively ungrounds the patient ... the amplifier can no longer drive the right leg.
— The resistance R, between the patient and ground is usually several MQ - protects patient.

e.g. With a 5 MQ resistor and a supply voltage of 10V, amplifier will saturate @ 1=~2 pA.)



Other patient protection

Defib protection
Isolation

Filtering
Amplification
Anti-alias filtering
Digitization

SKin m— m—

Source Isolation HPF Amplification Antialiasing LPF



Patient Isolation
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Static defibrillation protection

* For use in medical situations, the ECG must be

able to recover from a 5kV, 100A impulse
(defibrillation)

* Use large inductors and diodes

Defibrillator EC input
\ N\ s
% .:E.\

N

5kV

EC

5V

Discharger Protection diodes




Hardware design — analogue front end

Filters — >0.01 <100Hz (check electrodes work in this bandwidth)
— 0.5-40 Hz: ‘monitoring’ bandwidth
— 0.05-100 for diagnostic ECG
— >=0.05 Hz for ischemia
— >=0.1 Hz for QT
Representation (8, 10, 12, 16, 24 bit)?
— Each of these will use up storage
— But more bits => fewer filters, better amplitude resolution
— Also think about gain on amplifier
Sampling frequency?
— QRS detection 100-256HZ
— QT, HRV 500-1000Hz
Isolation?
— Battery / Bluetooth? Think about trade-offs
Differential amplifier choice?
— Don’t waste time ... Use the TI ADS1292
http://www.ti.com/lit/ds/symlink/ads1292.pdf



http://www.ti.com/lit/ds/symlink/ads1292.pdf

Hardware design — analogue front end

O
TOHLLNGD ONY D4FD

Test Signals and i
TI ADS1292 ($3) == @
Programmable Gain: 1:12
« CMRR-105 dB —
e Leads: Unipolar or Bipolar . >_£E‘E;D ~Geor}—
*  Component power supplies regulated: E - o
—  Analog: 2.7 Vt05.25V }‘}
— Digital: 1.7Vto 3.6V
*  3MHz EM interference filter
* Antialiasing filter before ADC at 8.6kHz ADS 12808
*  Operates at data rates up to 8 kSPS. [ oo

*  Built-In Right Leg Drive Amplifier

*  Lead-Off off detection can be implemented
*  Fully integrated respiration impedance measurement (ADS1292R)
*  Built-In Oscillator and Reference

*  Flexible Power-Down, Standby Mode

*  Operating Temperature Range: —40°C to +85°C

*  Thin flat pack: 5-mm x 5-mm, 32-pin

http://www.ti.com/lit/ds/symlink/ads1292.pdf

Note: NO ISOLATION! ... Just RL driven circuitry

ono



http://www.ti.com/lit/ds/symlink/ads1292.pdf
http://www.ti.com/lit/ds/symlink/ads1292.pdf
http://www.ti.com/lit/ds/symlink/ads1292.pdf

Incomplete Isolation!!!
IMPORTANT

— This package does not have full medical grade
isolation

— Do not connect the mains to the device and the
device to the patient

— Put PCs/laptops/tablets/phones on battery mode
when a live subject is connected to your device

— Avoid USB splitting cables

— ToDo (Future fun) -Design a battery pack to
interface with the USB port

— Save data to flash/microSD card or transfer out via
USB cable or Bluetooth to phone



Hardware design — DSP

* Where do you want to do the processing?

— On the phone? — use simple low cost processor
that serialises
— Onboard (e.g. New FDA guidelines on mHealth)?

— In the cloud?
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Digital board

* Teensy 3.0
— 48 MHz ARM Chipset
— 16k RAM
— C or Arduino instructions
— Use teensyduino software
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Analog Pins
analogRead
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PWM Pins
analogWrite
analogWriteRes

Touch Sense
Pins
touchRead

Serial Ports

Seriall
Serial2
Serial3

12C Port
Wire Library

SPI Port
SPI Library

Use 3 volt coin
cell for Real
Time Clock.
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Time Clock. USB Host mode.

Interrupt capability.



Digital board
* Teensy 3.0: ARM CPU

1)

Specification

Processor

Flash Memory
RAM Memory
EEPROM

/O

Analog In
PWM
UART,I2C,SPI
Price

Teensy 2.0

ATMEGA32U
4

8 bit AVR

16 MHz

32256
2560
1024

25, 5 Volt
12

7

1,1,1

$16

Teensy++ 2.0

ATI90USB128
6

8 bit AVR

16 MHz

130048
8192
4096

46, 5 Volt
8

9

1,1,1

$24

Teensy 3.0

MK20DX128
32 bit ARM
Cortex-M4

48 MHz

131072
16384
2048

34, 3.3 Volt
12

10

3,1,1

$19


http://www.pjrc.com/store/teensy.html
http://www.pjrc.com/store/teensypp.html
http://www.pjrc.com/store/teensy3.html

Parts List

1 x ADS1292R TQFP32 __Resistors (SM D)__
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671 3 x 22.1K 0603
1xTeensy 3.0 8 x 10k 0603
https://www.pjrc.com/store/teensy3.html 2 x 100k 0603
1x1M 0603

2 x 14-Pins 2.54mm pitch
https://www.pjrc.com/store/header 14x1.html

--Capacitors (SMD)--
2 x 14-Socket 2.54mm pitch 6 x47p 0603
https://www.pjrc.com/store/socket 14x1.html 3 x 4.7n 0603

2 x 1u 0603
1 x 2-Socket 2.54mm pitch 1x0.1u 0603
https://www.pjrc.com/store/socket 12x1.html(can be split) 1 x 10u 1206

1 x 2-Pins 2.54mm pitch
https://www.pjrc.com/store/header 12x1.html (can be split)

--ECG electrodes--

4 x Banana Socket 2mm 4 x Leads with 2mm banana plugs
http://docs-europe.electrocomponents.com/webdocs/01b6/0900766b801b63e4.pdf 4 x Crocodile C|IpS with 2mm banana
plug sockets

1 microUSB data/power cable (mail full size to mail micro)


http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
http://www.digikey.com/product-detail/en/ADS1292RIPBSR/296-30389-1-ND/3188671
https://www.pjrc.com/store/teensy3.html
https://www.pjrc.com/store/header_14x1.html
https://www.pjrc.com/store/socket_14x1.html
https://www.pjrc.com/store/socket_14x1.html
https://www.pjrc.com/store/header_12x1.html
http://docs-europe.electrocomponents.com/webdocs/01b6/0900766b801b63e4.pdf
http://docs-europe.electrocomponents.com/webdocs/01b6/0900766b801b63e4.pdf
http://docs-europe.electrocomponents.com/webdocs/01b6/0900766b801b63e4.pdf

Assembling PCB

Eagle design:
ecg.scd & ecg.brd
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Assembling PCB

* Eagle design: ecg.scd & ecg.brd

3-lead ECG connector
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Getting the boards to talk

1- Download and install the Arduino software: http://arduino.cc/en/main/software

2- Download and install the Teensyduino plugin
http://www.pjrc.com/teensy/teensyduino.html

3- Load the .ino file (source code) e.g. ecg_ads1292.ino which is a test file.

You can do it by "File-->Open" from the arduino software and it will create a folder for
the project.

4- Select the right device (teensy 3.0) by going to "Tools -->boards-->Teensy 3.0".

5- Compile: You have 5 icons on the top left of the arduino interface. The check mark
(verify) compiles the code.

6- Load the code into the teensy: With the teensy connected through USB, go to
"Tools-->Serial Port-->" and select the serial port that corresponds to the Teensy.
Finally, the arrow icon next to the compilation check mark works to upload the
code into the teensy.

7- Open the Matlab interface and follow the instructions (i.e. select the "serial port"
that corresponds to the Teensy, and start the acquisition).

Software available at www.mit.edu/~gari/CODE ECG lab/



http://www.mit.edu/~gari/CODE_ECG_lab/
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Output: Int to mV?

Outputis a 2 col file (2 ECG leads) of 24 bit unsigned integers. OV = 2723 bits

Offset

The conversion of the differential inputs are in signed integers.

They go from 800000h ( <= -Vref), to 7FFFFFh (>= Vref).

The value 000000h should correspond to OV difference between inputs

Gain

The Gain in bits/mV is = GainSetting*(2/23 - 1) /Vref (bits/mV),
where GainSetting is the setting in the Chip (1x, 2x, 6x, etc),
and Vref= 2.42V.

So, for a gain = 1, there are 3466366 bits/mV.

We are not setting any offset to the signal, but there can be an offset in the channel
due to noise and other factors. We can measure this and compensate for it.

There is an option in the chip to short-circuit the inputs and measure that voltage.
If that is different from 0, we can record this and subtract it from the actual gain.



Analysis software: QRS detection

PanT light_ascii.c
— gcc PandT _light_ascii.c —Im —o gqgrs
— Reads 2 column file

— Writes out several files:
e MxxxchO.bpf .slp .sqr .tav .fid
* See README.txt

Syntax:
gqrs ecg_file.txt #columns gain(bits per mV) representation(in bits)

e.g.
ggrs ecg_example 256Hz_24bits.txt 2 838860 24

Output:
R-peak_time R_amplitude S_amplitude RS _amplitude

Software at www.mit.edu/~gari/CODE/ECG lab



http://www.mit.edu/~gari/CODE/ECG_lab

PandT light_ascii.c

ecg _example 256Hz_24bits.txt

A 2 column 24 bit unsigned int file of ECG data similar to that
which will be extracted from the DSP board.

PandT _light_ascii.c

A QRS detector which reads 2 column 24 bit unsigned integer
ascii files. (Note that the baseline is computed from the

representation as 2*(NB-1) where NB=number of bits in the
representation.)

You can edit the samp_freq variable to be 250 with almost no
effect — as | have already done. Be sure to downsample
correctly in the hardware by averaging every 4 samples



Modern QRS detection

Pan, Hamilton & Tompkins Algorithm
2 T T |
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| have two (or more) ECG leads!

* The QRS detector is only operating on one lead

e What do | do with 2 leads?

— Compare them to see which one you trust

— Measure signal quality on them and choose the best
one

— Weight them together?
— Better to have three (then a majority vote is easy)

* See https://code.google.com/p/ipm-ecg-analysis/



https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/

Signal Quality

* Basic SQl provided
https://code.google.com/p/ipm-ecg-analysis/

* Optimise threshold for ignoring data and
telling user the system is not working

e Also look at electrode impedance (See Tl chip)


https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/

Rhythm Detection

* Basic AF detector provided
https://code.google.com/p/ipm-ecg-analysis/

* Current published detectors do not generalise well

 We have developed an SVM-based detector which
provides >98% accuracy across a range of databases

* Accuracy depends on quality of QRS detector and noise
levels!


https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/

Test kit

* Phantom ECG:
http://www.ms-gmbh.de/en/phantom start.htm



http://www.ms-gmbh.de/en/phantom_start.htm
http://www.ms-gmbh.de/en/phantom_start.htm
http://www.ms-gmbh.de/en/phantom_start.htm

Test databases

e Standard databases: www.physionet.org
— NSRDB
— AFDB
— MITBIH Arrhythmia Database

* All of these are too clean. Use
— NSTDB
— Data collected using your device

* Must still report results on above databases!


http://www.physionet.org/

Now the lab

Suggestion:
* Break into groups of three or four & parallelize:

1.

Hardware construction and testing/debugging
and electrode choices & battery pack(?)

Hardware communication between boards,
checking formats, and files I/0O, Bluetooth(?)

Signal processing, feature extraction
Visualisation (Phones, cloud services etc)



2

Vi.

Hardware Construction

Check that output is giving a reliable signal on
analog side — use test signals, try a phantom ECG.

Were all parts soldered on correctly? — check
diagrams & photos.

Test out various electrode types.
Add impedance pneumogram(?)
Check lead off detection

Check temperature sensing



2

Hardware Comms

Check that output from analog board is reaching
digital board.

Use test scripts to communicate with digital
board and write data to PC

Can you sense temperature on teensy?
Can you pass through data on lead off detection?



V.

Signal processing

Test out QRS detector on sample data
Visualise all the steps in the filters

Design quicker filters with shorter buffers?

Put data in fewer buffers (merge slp, sqr & tav)
Take data from Teensy and test gain & offset



Visualization

Build Matlab interface to read data in real time

Adapt our Java code to visaulise data on teensy
and run on phone/PC/tablet

Copy Java code for SQI & AF detection and put
on-board?



OK —go for it

 www.mit.edu/~gari/CODE/ECG lab/
* https://code.google.com/p/ipm-ecg-analysis/



http://www.mit.edu/~gari/CODE/ECG_lab/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/
https://code.google.com/p/ipm-ecg-analysis/

tic uses of ECG
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Diagnostic uses of ECG

* Foetal monitoring (both before birth & during)

A b *lr"L r\ P

e Patient monitoring in Ambulance, Intensive Care Unit
or Coronary Care Unit

— S-T segment elevation to diagnose heart attacks
— Evidence of cardiac muscle damage (infarct)
e Detection of precursors to heart attacks:

— Abnormal heart beats (e.g. many ectopic beats, TWA)
— Abnormal heart rhythms



Use of ECG in CCU

 The ECG is highly informative in the diagnosis of a heart attack
(Myocardial Infarct). Insufficient blood supply to the cardiac cells
due to a blockage in the coronary arteries (ischaemic heart
condition) causes S-T segment elevation.

ST elevation

7N
~

\-;Jormal
* Following the heart attack, cardiac muscle damage (infarct)

generally leads to a loss of amplitude in the ECG.




ECG abnormalities
(possible precursors to heart attacks)

* Analysis of the ECG can provide early warning of potential

problems.

Ectopic beats originate somewhere other than the Sino-Atrial

(SA) node and often have different shapes (morphologies).
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 Abnormal heart rates (arrhythmias) can be treated.
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Other intervals in ECG analysis

Normal EKG Long-QT

* The most important interval in the ECG is the QT interval

* Alonger than normal QT interval is a good indicator of long
QT syndrome (LQTS)



Q-T interval measurement

LQTS is a potentially fatal condition that renders sufferers
vulnerable to an arrhythmia known as torsade de pointes.

When this rhythm occurs the heart is unable to beat
effectively and the blood flow to the brain falls dramatically.

The result is a sudden loss of consciousness and possible
cardiac death.



Detecting ECG abnormalities

e Two methods are in common use:
— Ambulatory monitoring
— Exercise stress ECGs




Ambulatory ECG monitoring

* Results printed out:

— 24-hour summary detailing the heart rate an
segment changes over the period of the test.

* ECG monitored for 24 hours. i\

— Detailed information on ECG recorded at the time of a
significant event (e.g. arrhythmia).
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Analysis of ECG waveform

* Diagnostic information can be obtained by
analysis of the amplitude and relative timing of
the various segments.

* The simplest interval to measure is the R-R
interval (from which the heart rate is derived).

* Two types of heart rate meters:
— Averaging heart rate meter
— Beat-to-beat heart rate meter



Heart Rate Meters

Heart rate is usually given in beats per minute (BPM).

The easiest way to obtain this is to count an
identifying feature in the ECG which occurs once per
heart beat.

The most obvious such feature is the QRS complex
which is a sharp spike.

Both averaging and beat-to-beat devices need to
perform this detection.



QRS detection

 There are 4 main problems in detecting the QRS
complex in ECG traces:
— Artefacts due to electrode motion
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QRS detection

* There are 4 main problems in detecting the QRS
complex in ECG traces:

— Artefacts due to electrode motion

— Baseline wander (mostly caused by breathing and
torso movements)

— Muscle artefact (broadband)

— T-waves with high-amplitude content



QRS detection

* The solution to these problems is to use a band-pass

filter to remove:
— Low-frequency changes such as baseline wander
— High-frequency changes e.g. movement/muscle artefact

 Most of the frequencies in the QRS complex are
around 5-20 Hz.

* A pass-band of 10 — 40 Hz is therefore appropriate....
Why?



ECG spectral properties

QRS power region

ECG Envelope
Movement Artifact

w——e QRS Complex
— P & T Waves
e Muscle Noise
e Baseline Wander

Relative Power

L) L L) L L) Ll L
5 10 15 20 25 30 5 f(Hz)

Look at the signal below 10Hz .. Why do we want to remove it?



QRS detection

* Once the “non-QRS” sections of the ECG have
been attenuated, the QRS complex can be
detected with a threshold detector.

Input “ \ /
from 10 - 40 Hz Threshold Pulse J

ECG —i BPF - = -

amplifier Detector Generator
output




R-Wave pulse generator

This should trigger a pulse generator so that a
short pulse of a fixed duration is generated
once (and only once) for each QRS complex.

Input ‘f \ /
from 10 - 40 Hz Threshold Pulse J

ECG — > > —
amplifier BFF Detector Generator

output




Averaging heart rate meter

 The “average power” of the pulse train from the pulse
generator circuit will be indicative of the Heart Rate.

* This can be determined using a “leaky integrator” (a
form of low-pass filter).

e The time-constant of the R-C circuit should be several
beats long to minimise output ripple.



Averaging heart rate meter
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R-wave

pulse train

Clock

Beat-to-beat heart rate meter

Clk

Reset
Ql 2 3 4 5 6 7 8 9 10 11 12

12-bit Counter

Monostable 1 Monostable 2
+ve edge Q —ve edge Q
Vref

Da 2 3 4 5 6 7 8 9 10 11 12
Clk 12-bit latch
Ql 2 3 4 5 6 7 8 9 1011 12

Did 2 3 4 5 6 7 8 9 1011 12
12-bit Multiplying Digital to Analogue Converter

LM31

I

Output



Beat-to-beat heart rate meter

Clock
Q Clk 12-bit Counter
Reset
Ql 2 3 4 5 6 7 8 9 10 11 12
R-wave Monostable 1 Monostable 2
pulse train +ve edge Q —-ve edge Q
Did 2 3 4 5 6 7 8 9 10 11 12
Clk 12-bit latch
Ql 2 3 4 5 6 7 8 9 10 11 12
D1 2 3 4 5 6 7 8 9 10 11 12
12-bit Multiplying Digital to Analogue Converter
Vref
B Output
LM31
+
! I
R-wave pu15654[—| : : l—l—
Clock | | | | [ | |
i |
Monostable 1 i H
Monostable 2 : : H
P
Counter reset to zero “>| }<’* 3 “’{ }"* Latch output follows counter
| Latch output held |

[ L |
Output—1 : : J
T




Heart rate variability

WJL/JMLJLJMJ‘WJL :

Under resting conditions, the heart rate of a healthy individual is not
constant. (Notice compressions and rarefactions above)

During expiration, the vagus nerve is stimulated, which slows down the
heart rate (the right vagus innervates the sinoatrial node).

During inspiration, the vagus nerve is not stimulated.

This gives rise to a phenomenon known as respiratory sinus arrhythmia
(RSA); cardio-acceleration during inspiration, cardio-deceleration during
expiration.

Figure by MIT OCW



Autonomic Regulation

Rest & Digest

Parasympathetic

Conskricks pupil
o o

Stimulates salivation S5

Inhibits heart —

Sympathetic ganglia _
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gallbladder
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Fight & Flight
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J Stimulates glucose
release by liver
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Heart rate variability

L/ VA Y “/\/\ AP ;

LvAY; § “\f ~ --W%J W
o N “\f\/x v“/ A ATAY

Upper trace: respiration rate from electrical impedance
plethysmography — see next lecture.

Middle trace: beat-to-beat R-R interval.

Lower trace: R-R interval series re-sampled at 4Hz and cubic
spline fitted to time series (smoothing).




The sympathovagal balance:

y B R

D

* Ratio of LF power to HF power in PSD of heart rate time
series is though to reflect sympathovagal balance



The circadian rhythm
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HRV and sleep state

LF / HF = 3.24

HRV is also circadian h

Wakefulness

Autonomic balance changes %

over 24 hours

L 2.0

TI.S
Ll.l"."

- 0.5

Significantly in different
sleep cycles

|

st2 [

Also changes based on [\
disease. |

l I |

LF / HF = 1.48

0.0
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- 0.10

— 0.05

T 1 1
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Light Sleep

Power [s* / Hz)
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LF / HF = 0.B2
|

Deep Sleep

WWVS
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— 0.15
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LF / HF = 2.74
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REM (Dream) Sleep

- HR & HRV are not specific enough to identify sleep stages
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Sleep Apnea Screening on a Mobile Phone

UNIVERSITY OF

OXFORD

A

z

Identify P(treatable sleep apnea requiring treatment)

: —
Audio -
é FeaEureextraction | — b f
- ' ! Probabilityo
b ' | — Probabilye
©pa Ien © Welcome in SleepApp
be classified as
ﬁ. .
Acc Foat i — healthyE}S{.Sr;onng
é eatureextraction f_ o or '
N | d | Wil = | pataFusion and advices on
| | + —>| actionto take
Classification
Qué Weighted score | —»
deé Percentage
supine/prone >

Block diagram describing the phone application system. Acc: Acceleration, Ques:
Questionnaire, Bd Ps: Body Position.




SleepAp - Android application

OXFORD

* 92% Accuracy, 100% Specificity

L N Sleephp

Accelerometer

hhum apnﬁea oy have or are you Being treated for hig
Estimated po

ik 1F1ITI0N; SUpine

Questionnaire

Audio

PP

A | \/\f“h\{hlkuﬁ

Analyse
Qo 22.0

Questionnaire: 5
Previous results

Stop Risk: 77%

Screeshots SleepAp
94



SleepAp - Android application

OXFORD

* 92% Accuracy, 100% Specificity

Table 1. EXP-1, SVM classification on clinical data:
{Normal, Snorer} vs {Mild, Moderate and Severe OSA }

Tramming set (735) Test set (121)

Ac Se sSp Ac Se Sp
0Dl 844 B0l #E6 851 RHOS w93z
Al Tah 695 H3T T44 TO1 E1E
AC 63.1 605 658 727 T4.0 TO5
DE 656 646 666 67TE 636 T50

AU+AC 746 659 8321 769 662 955

AU+AC+ODI 856 El15 897 884 K18 100
ODI: oxygen desaturaton mndex, AU: audio, AC: acugraphy,
DE: demographic, Ac: accuracy, Se: sensitivity, Sp: specificity.

Table 2. EXP-2, SVM classification on clinical data:
{Normal, Snorer} vs {Moderate and Severe OSA}

Traiming set (646) Test set (104)
Ac sSe Sp Ac sSe sp
oDl G909 B7TE 932 904 833 1000
Al 1.7 680 921 TI9 667 932
AC 680 446 856 T21 533 977
DE 7007 637 Tl 731 617 Ei.6
AU+AC 1.3 T1W  BEI O TO9R 700 932

AU+AC+ODI 91.3 581 938 923 &6.7 1000

95




Mental Health Monitoring

UNIVERSITY OF

OXFORD

WHO: Depression is predicted to be the single
largest burden of health GLOBALLY by 2030

e Monitor Circadian Rhythms: Sleep and activity
change with depression and schizophrenia

e Use ECG patches and actigraphy meters —

e 90% accuracy in differentiating
schizophrenics from normal controls

e Adding physiology increases this to 95%

e Monitor social interaction complexity changes &
response times

e Complianceis a key issue —

e Use chip-on-a-pill




Mental Health App

UNIVERSITY OF

OXFORD

e Tracks physical activity every day
e User or doctor can compare to normal behavior HemmaDia®

Y Settings

e Monitor social interaction complexity changes &
response times to social cues Share data v

Help science and upload your activity
data to our servers for analysis

e Links to smart watches Your sty iD

You should have know study ID to participate in

| MMAD 'O 16:07 data collection

Y Actopsy Study password

" Please enter the password, associated with this
vion D

PERSONAL DETAILS

Tue Phone usage
Jacket poket

Birth year
1963

EMAIL & ALERTS

Gender
Male

Occupation




Jet Lag App

e Avoid light, seek light or sleep

LEesmADE + O

JetLag

Departure:

Date:

Local time:

Airport:

Timezone:
Arrival:

Date:

Local time:

Airport:

Timezone:

25-08-2013
22:39
Hartsfield Jacks

EDT (America/New_Y..

26-08-2013

07:39

|Heathrow (LHR)

GMT+01:00 (Europe/.. 4

Calculate

UNIVERSITY OF

OXFORD

Optimizes behavior based on time zone changes, recommending:

LEHLsesMADE " O

JetLag LR eaMADE LA
a aa| ] 'k
JetLag LEHeswmADE A
JetLag
Flight duration: -1:00 hours
Timezone difference: +5.0 hours Flight duration: -1:00 hours

| Use time below instead of system time: Timezone difference: +5.0 hours
¥ Use time below instead of system time:

Flight duration: -1:00 hours

Timezone difference: +5.0 hours

[+ Use time below instead of system time:

Test Date Test Time

Status: Sleep Test Date 16:39

Status: Avoid light

Status: Seek light




A Mobile Stethoscope for
Remote Cardiac Monitoring

 Handsfree kit +eggcup = digital
stethoscope

* Phone app checks quality of
recording and analyses rhythm .

o858 .6

HHJlPthl G ; fiTt

* Uploads recording and diagnosis
to back-end database

* Clinical trial on rheumatic heart
disease in South Africa underway




Perinatal Screening System

UNIVERSITY OF

OXFORD

* 520 1D ultrasound probe — output through 2 audio jacks

* Android smartphone processes audio, user listens simultaneously
* Phone assesses fetal wellbeing and explains to you how to use
device & check quality of data

Mobile phone Recording lead

Detachable

p— Earphone jack
phone holder g

1D Doppler
transducer

Skin contact area —~—ss——— “@



Perinatal Screening System

UNIVERSITY OF

OXFORD

Development into a complete fetal monitoring system

Fetal

Position R Maternal
T\ Heart
\ Rate

Smart

Phone

+

low-cost

devices

Fetal

Growth Fetal
ancge Heart

Rate




BabeeMon

a Neonatal Monitoring System

UNIVERSITY OF

OXFORD

Pulse oximetry +
Accelerometry +
video and sound

|

s

intelligent signal processing

to generate smart alarms

BabeeMon
#wE status: Normal 475 Status: Possible apnoea UI settings
HR (BPM): i ui HR (BPM): 2 E Alarm settings:
6 9 83 Vibrate SMS Call
on off off
Spo, (%): ¥ Spo, (%): By - ALARM

98

95

Audio:

Il/ 017

0.0 B
L] 0.00.

5

Audio:

534 4 34,
> B
el
o
0.0 §——
sha 463 -3

Attempt to rouse the infant. If this
has no effect, seek medical
assistance immediately.

Other settings:

Discard
audio

Domain extent (seconds):

Enter value (60.0)

Acc (ms2): 9 - Acc (ms2): 5
0 0 . O 0 . Default HR Settings (BPM):
o3 [ T
Cost <$22 * N s e * ey . —
: Current| e . G t! ) ance|
History cunnecllyd | Exit History | c,;.f.::';g; Exit




UNIVERSITY OF

OXFORD

breathing monitors audio/video monitors NICU incubators available neonatal
and monitoring apps pulse oximeters>$50

-
- .l

scientifically validated
reduced false alarms
affordable
home monitoring
hospital monitoring
early discharge from hospital




CVD Risk Prediction

e Data inputted inc. blood glucose and acquired BP

UNIVERSITY OF

OXFORD

e Logistic Regression model predicts P(CVD)
e Probability converted to lifestyle change

e S1m RCT underway in southern India to lower blood pressure
MiENE

Blood Glucose measure:

=
mmHg)

4.6

Enter between 0.6 and 33.3 mmol/L

Blood Pressure measure:

Systolic BP: 167
(in mmHg) between 50 and 200

Diastolic

Blood Cholestrol Measure:
TC and HDL known

Presence of ECG-LVH:
No

Ethnic Group:

Other




~ wj
S Hidden units
\ T— Wik ~
I <> —)
ECG Screening App S
Output units
—— —) u= o)
g - ) (R Jo\tg
<:’«3d:i"""_ aj Y= falaj) ay -
N

e Automatically classifies ECG rhythm (AF) and
signal quality

O Interpretation of ECG
waveform

Sinus Rhythm

Atrial Fibulation

e Neural net trained & tested on 1500 ECGs

Atrial Flutter

Junctional Rhythm

e Accuracy: 99% train/test (highest accuracy in -
PhysioNet/CinC International Competition 2011) Ventricular Tachycardia

* User can add diagnoses or opinions

* Datais uploaded to central database and
diagnoses aggregated




UNIVERSITY OF

TeleSpiro
Helping the world breathe better

e,




System overview

OXFORD
Diagnosis

Screening (Asthma, COPD, Infection,
Other?)

>

Follow-up Te l e S pi ro Prognosis

Accurate Patient
Airflow Measurement

“® Treatment




TeleSpiro: Smarter Mobile Health

UNIVERSITY OF

OXFORD

* Novel Design
* Low Cost
* Portable

* No batteries, no
charging

* Real time patient
feedback

* Portable
e (Calibrated
* Interoperable




TeleSpiro

UNIVERSITY OF

OXFORD

* Chronic Lung Disease: 4t" in Mortality Globally
— ASTHMA, COPD & OBSTRUCTIVE LUNG DISEASES

* No objective data to manage patients

Spirometry measures how
fast and how much
air you breathe out




Electronic Medical Records

UNIVERSITY OF

OXFORD

e Lack of longitudinal and accurate data one of the biggest issues
* Maedical errors account for Sbhillions every year

Al & 5:27 Aam

7 sanamobile.org

Sanamobile.org: +sana e
e Endtoend EMR and telemedicine system _fj
e Winner of mHealth Alliance Award 2009 & Vodafone =&
Wireless Innovation Prize (S150k) Sand

e Currently adding drug-drug module

e Also adding a crowd sourcing annotation component

View Notifications

Won Vodafone Americas foundation mhealth Alliance
award and Vodafone wireless innovation prize 2010

=
{ ) OpenMRS

MEDICAL RECORD SYSTEM

+

sana




P&d UNIVERSITY

Drug-Drug Interactions e L[VERPOOL

OXFORD

) sanamobile.org

* Collaboration with University of Liverpool Institute of
Translational Medicine +sana

e Android App to look up HIV Drug-Drug Interactions
* Integrated with EMRs like OpenMRS

DMl @ 9:27am Ml @ 9:30am 5 Ml @ 9:35am 5 Ml @ 9:384m

Welcome to HIV iChart - the HIV . Restask H Save J
p : ex
drug interaction tool L J (
Abacavir A d 4
Check For Updates J Abacatic V Affentanil Atazanavir and Etravirine
. _— — : @ Abacavir I £ evii
tart Drug Interactions Without Logging In iedi uality of evidence: Low
g g8ing J ararai Delavirdine Quality
— Abacavir Coadministration is contraindicated in the US
Sponsors J l Disclaimer J ] . Efavirenz Prescribing Information, but the European SPC

Darunavir =" says they can be coadministered without dose

Delavirdine adjustment. Coadministration with atazanavir/
Secure Log On J g Alfentanil ritonavir decreases atazanavir Cmin by ~40% and
Delavirdine v S increases etravirine AUC. Etravirine should be
elaylrdlne used with caution with atazanavir or atazanavir/

Efavirenz ritonavir.

Didanosine (ddI)
Efavirenz
Alfentanil

Efavirenz V

Emtricitabine (FTC)

Etravirine

t Back to list of interactions
BRI ——




Sw4d — Smart Water for Development

UNIVERSITY OF

OXFORD

¢ One-in-three handpumps in Africa are non-
functioning at any given moment:
e When breakdowns occur fault can take weeks
to be reported
e Systems of maintenance are variable and
generally inefficient
e Lack of safe drinking water has huge health and
socio-economic impacts
e Effect can be long-term and irreversible in the
case of children

+** Automated monitoring of handpumps by SMS:
e Repairs to be undertaken faster as fault are reported immediately
e Improved information can increase maintenance regime efficiently
e Objective data allows for monitoring and regulatory oversight by governments and
donors
e Increased usage data allows for better targeted future investment




Prizes / press

Noninvasive Fetal Monitoring,- 15 Place,
PhysioNet/Computing in Cardiology Prize,
Sept 2013

Blood Pressure Monitoring Device —Technology
Leveraging Award, Dell Social Innovation
Competition, June 2012

COPD/Asthma Screening Device — 2" Place, IBM-
Novartis NCD University Challenge, Jan 2012

Mobile ECG Screening System — 2" Place,
PhysioNet/Computing in Cardiology Prize, Sept
2011

Blood Pressure Monitoring Device — 15t Prize,
International Engineering World Health
Competition, Aug 2011

Mobile Health Challenge winner; ‘best R&D
project’ (mStethoscope), Mobile Health
Industry Summit, London, 2010

AF Detection system: Premio di laurea
"Gruppo Nazionale di Bioingegneria
(Top 5 MSc )in Italy 2013)

UNIVERSITY OF
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Telespiro: 15t prize paper at IEEE Point
of Care Healthcare Technology
Conference, Jan 2013

Mortality prediction, 1% Place,
PhysioNet/Computing in Cardiology
Prize, Sept 2012

Neonatal Apnea Monitor — 2" Place,
GSMA Mobile Health University
Challenge, May 2012

Smart Water Project — BBC Highlight,
June 2012

Diabetic Wristband Device — 2" Place, IBM-
Novartis NCD University Challenge, Jan
2012

Mobile Heart Monitor — MSc in Biomedical
Engineering Thesis Prize, 2011
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