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Abstract

This report presents the requirements and constrains for patiemismnmg during magnetic
resonance imaging (MRI) and for wearable and SIDS applicatipesoWws the useful signals

and parameters and gives for each parameter a description ofitemgursethods, technical
specifications and constraints.

Keyword list: Anesthesia, Monitoring, MRI, wearable.



| OFSETH] D1.1 —Report on the requirements of the applicatipn

Table of Contents

1 - Current monitoring during MR ........ooiiiiiis e 5
1.1 Existing monitoring devices MRI compatible..............oooiiii e 6
1.1.1 - GE DateX ONMEA: ...coeiiiiiiiiiiiie ettt e e e e e e e e e e e e e e annenneeeaens 6
O 2 V. = Vo L) (= O o USSR 6
G T V= Vo 1 (0 o [PPSR 7
00 O I (1 L SRR 7
1.2 - Patient's monitoring — definitioNS ...........uuiiiiii i 8
1.2.1 - HEMOAYNAMICAl SLALUS .......ceieiiiiieeiiieee ettt e e e e e e e e e e e enneeaeeeaeas 8
1.2.2 - RESPIFALOIY SYSEIM ..veiiiieeiiiiiiieiiei e e e e s ettt e e e e s s s st r e e e e e s s s sneteeeeeaeessssannaeeeeeeeesannnnnenes 10
e T N g Ty | LT - LT RRTT 12
1.3 - Usual patient care during MRI ... e e e e e re e e e e e e e 14
1.3.1 - CONSCIOUS PALIENES: ...eeiiiiiiiiitiiiee i e ettt e e e e e ettt e e e e e e e e e aan b e e e e e e e e e e e aanbeeeeaaaeeeaaannneees 14
1.3.2 - ANeSthetized PatiENtS: ..o 14
1.3.3 — INtENSIVE CAre PaAIENIS: ..ciiieeiiieiiie e s e e e e e e e e s e e e e e e e e e e nnnnees 15
1.4 - Reported activity of MRI devices in France's region Nord Pas de Calais (annex 12 and 13) 16
1.5 - MRI @t C.H.R.U Of LIl ettt ettt sabe e b e e e 17
ST R = oo [=T 0 g1 o] (oo oo 1 - NPT 17
T @ U 4 =T o | o] o] (o] 1o T S PSR 17
S TRC T [ 10 F= Vo 1 Vo ST (= TP RRTT 17
GRS T 1 =Y 4V oo (o =Y o PP SRRRR 18
LB8. 1 — BUIMNS oottt ettt e et e e e e e e e e e 18
1.6.2 - Cross patient CONtAMINGLION .......coiiiiiiiiiiiiiiie et e e e e e e 19
1.7 - MRI related problems with the use of existing MonItoriNg ..........cccceviiiiiiiiii e 20
A R O PP 20
172 - SPO 2. ittt bttt b e e e h b e et e ehbe e e bt e e be e e eabe e e nbae e enteeenreas 20
1.7.3 - NON INVASIVE DlOOA PrESSUIE: ...uvvieeeiiiciieieeie s e e e e e e s e e e e e e e nnneees 20
i A =TS o T = 1o Y - L PP RRRT 20
ST O o] T To =T o] 2|V 20
1.7.6 - Usability of exXisting MONITOFNG: ......cooiiuiiiiiiiie e 20

2 - SIDS - Sudden Infant Death Syndrome — Infant MO Nitors ©............cevvvvvveneee. 21
2.1 - State of the art in iNfant MONITOIING .......eoiiiiie e 21
2.1.1 - Physiological parameters to be monitored ..o 21
2.1.2 - Commercially available deviCes...........cccviiiiiiiici e 21
2.1.3 - Research and €arly STAgES .......uuuiiiiia i 22
T Y/ o] a1 o] ¢ aTo Jr=Tolo |81 71 (o] o IS URPPPRTPRTI 23
K A =l O = Y= (o] 1 o OO RPR 23
0 I A O = oo [ U1 1 o R SRSRR 23
3.1.2 - SPECIICALIONS: ...ceiiie ettt e et e e e e e e e e et e e e e e e e e nnnreeaaaaeeaaan 23
3.2 - BlOOA PreSSUIE (BP) ...uviiiiieeiiiiiiiiiee e e e ettt e e e sttt e e e e e e e sttt ae e e e e e e s s ssntbaaeeeeeessnnnnrnneaaeeeeanns 25
T A =1 - To o [ 1157 1T o U SRSRR 25
3.2.2 - SPECIfiCAtiONS fOr BP:......o ittt e e e e e e e e e e 27
3.3 - Plethysmographic waveforms (PIEthy)...........coo e 28
3.3.1 - Plethy @CqUISITION: ...ttt e e e et e e e e e e s s ababe e e e e e e e e aans 28
3.3.2 - Specifications for PIEtNY: . ..o 29



| OFSETH] D1.1 —Report on the requirements of the applicatipn

0 S o 1@ P o 1 4] 011 r= 4o ) o R SRSRR 30
3.4.2 - SPeCifiCatioNS fOr SPO . ..ttt e e e e s e e e e 30
3.5 - HEaArt RAE (HR) .ot e e e e e e e e et e e e e e e e s s ssntbaareaeeessnnnnrnneaeeeeaanns 31
3.5.1 - HR COMPULALION: oiiiiiiiiiieiie e e e e ettt e e e e e s ettt e e e e e e e st e e e e e e s s e annaeeeeaeeessnnnnaneeaaeeenanns 31
3.5.2 - HR SPECITICALIONS: ... .ottt e e e e e e e aeeeeaeeeeanne 31
3.6 - Respiration WaveformM (RESP.) ... it e e e e e e e e 32
3.6.1 - RESP. ACHUISTEION: ... ittt ettt e ettt e e e e e e e ettt e e e e e e e e nnneeeeaaaaeaanns 32
3.6.2 - RESP. SPECITICALIONS: ... uuiiiiiiie e e e e e s e s r e e e e e e e eraaeeeaaan 33
3.7 - Respiratory Rate (RESP. R) ..ttt ettt e e e e e et e e e e e e e e neeaeeeaaaeeaaans 34
3.7.1 - RESP. R COMPULALION: ....eeeiiiiiieiiiiiiiie ettt e ettt e e et e e e e e e e e nnnaeeeaaeeeeanns 34
3.7.2 - ReSP. R SPECITICALIONS: ...uveiiii it e e e e e s s e e e e e e e aans 34
RS I I o Fo Y IR 1] 8Ty = YA o USRS 35
3.8.1 - Vit COMPULALION: ..iiiie it e e e e e e e s e e e e e e e e e s s sasaaeereaeeeessnnnaneeaaeeesanns 35
3.8.2 - Vit SPECITICALIONS: ...ttt e e et e e e e e e e s re e e e e e aan 35
S I =T 1o o 1T =Y (0L (USRS 36
TR T A I Voo 10171 1o SR SRSRR 36
3.9.2 - TOSPECIICALIONS: .. ..t ettt e e e e e e e e e e e e e e e e e e e e e aaae 36
R (O 0T o aToTo ] =1 o] o) VA (O£ ) U ET TP PPRRP 38
TN 0 R 1@ P Tt o {11571 o] o PP PRRPPR 38
3.10.2 - CO, SPECIICALIONS: .. ..eiiieeiiee e e i ettt et e e e s st e e e e s e e s e e e e e s s st ereaeeesasnnarneeaaeeeaanns 38
3.11 - Capnometry — Expiratory end-tidal CO, (PetCO5) .....eiiiiiiiiiiiiiiiiee e 39
3.11.1 - PetCOy COMPUEALION: ....eeeiiieeeiiitiie e e e e e ettt e e e e e e e enbbee e e e e e e e s e sanbbeeeeaaeeeaannnneeeaaaaaaanns 39
3.11.2 - FEtCO, SPECITICALIONS: .. uveiiieee i ittt e e e e s st e e e s e e e e e e s s s e e e e e e s asnnaaeeeeeeeeeaans 39
G0 I N 5 (Y 7= LN o] USRS 40
0 I o I Yoo [ 0171 o U SRSRR 40
3.12.2 - PH SPECIfICALIONS: ... e e a e e e e e e e e e e 40
3.13 — Wearable and SIDS MONITONNG: . .uiieeiiiciiieiiee e e et e e e e s s s e e e e e e s s r e e e e e s s snnareeraaeeesanns 41
3.13.1 — USEfUI PAr@mMELEIS: ... .uiiiiiiie e i it ettt e e e e e e e e e e s e e e e e e e s s s nnarneraaeeeeaans 41



| OFSETH] D1.1 —Report on the requirements of the applicatipn

Content

1 - CURRENT MONITORING DURING MR
Magnetic resonance imaging (MRI) is a method used to visudlie inside of living
organisms. It is primarily used to demonstrate pathological or pthesiological alterations of

living tissues and is a commonly used form of medical imaging.

Fig 1: MRI image example.
In France, we find near 300 MRI devices distributed nationwide mostliye hospitals. We

can find two classes of MRI devices:
Open fields

Close fields

- ‘ .
-
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Fig 2: close and open fields MRI.
The MRI devices are characterized by the MRI field valaeT@sla), distinguished in

two classes: “Low Field” (under 0.5 T) and “High Field” (> 0.5 T). The highl fathss goes up
to 11T, but most installed MRI devices in France are “High Fibletiveen 1 and 3 T. There

were only three “Low Field” devices out of 179 in 1999.
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1.1 Existing monitoring devices MRI compatible

Most of these MRI systems are equipped with patient's moniteyisigm that allows — if
needed — to control the patient's clinical state. Some of them aliquiring and visualizing
parameters such as ECG signal and heart rate (HR), BloosuRrg8P), plethysmographic
waveform and oxygen saturation value (2p@0O;, curve and end tidal CQralue (PetCg),
inspired Q, volatile anesthetic agents, respiratory parameters suchahsoidme (Vt) and
respiratory rate (resp.rate) ... Others allow the acquisitionvesdlization of one parameter
only. The monitoring devices MRI compatible are characterizedhby MRI compatible
operating range (in Tesla). Actually, most of them aretéichito 3 Tesla. Here are different
existing monitoring devices MRI compatible:

The GE Datex Ohmeda (14 iMM) developed by General Electric
(www.gehealthcare.com http://www.us.datex-ohmeda.com).
The Maglife C Plus developed by Schillangw.schiller.ch).

The Magnitude developed by Invivbt{p://www.invivocorp.con

The Titus developed by Dragger.
1.1.1 - GE Datex Ohmeda:

Fig 3: GE Datex Ohmeda

This monitoring system allows acquiring all the useful parameters fethatized patients.
1.1.2 - Maglife C plus:

Fig 4: Maglife C plus
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This monitoring system allows acquiring of all useful parametersanesthetized
patients and is compatible with MRI between 0.2 and 3.0 Tesla. Tdnganng system need
to be placed out of the MRI field.

1.1.3 - Magnitude:

The magnitude datasheet is available in Anne

Fig 5 : Magnitude

1.1.4 - Titus:

Fig 6: Titus

The Dragger Titus is a complete anaesthesia system MRI compatible.
The Titus datasheet is available in Annex 2.
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1.2 - Patient's monitoring — definitions
1.2.1 - Hemodynamical status
1.2.1.1 - Heart rate (HR)

Heart rate is clinically assessed by measuring the nuwibéeart beats over one
minute, either by sensing blood pulse on an artery at the (fadial artery) or at the neck
(carotid artery) for example (fig 7), or by earring the heart bealtsanstethoscope.

4

Fig : sensin‘g blood puIs at the wrist and atrnieek

The electrocardiographic waveform (ECG) represents the heactriel activity,
measured transcutaneously. Up to 18 ECG derivations are used totdegieart functioning

conditions (fig 8).
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Fig 8: ECG exampl'léli'(onél derlva{tlon) -
The normal heart cycle begins with the two atrial contractioh &Rd LA) (fig 9),
which appears on the ECG as the P wave (fig 10).

Aorta

Pulmonic PV

Valve

Mitral Valve

Tricuspid
Valve C Aortic Valve
Chordae
Tendineae
Papillary
Muscle
Septum

Fig 9: heart: right atrium (RA), left atrium (LAj)ight ventricle (RV) and left ventricle (LV). Valvseparate the
different cavities from each other.
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Then, electrical influx is guided towards the right and lefitneles (RV and LV),
whose contraction (depolarization) makes the QRS wave and the E@®wa Then comes
repolarization of the two ventricles, which makes the T wavealAepolarization is lost in the
QRS wave. PR interval duration is normally less than 0.20 sec andc@R8ex duration less
than 0.12 sec.

QRs
Complex |
===

| 5T
Segment

QT Infuirval

|
Fig 10: ECG waveform: P, QRS and T waves repreadull cardiac cycle

1.2.1.2 - Blood pressure (BP)

Blood pressureis the pressure exerted by the blood on the walls of the bloodlsiess
Unless indicated otherwisblood pressureefers tosystemic arterial blood pressurei.e., the
pressure in the large arteries delivering blood to body parts ththe the lungs, such as the
brachial artery (in the arm). The pressure of the blood in otheelgeas lower than the arterial
pressure. Blood pressure values are universally stated in mdisnef mercury (mm Hg).
Blood pressure can be measured non invasively (NIBP) or invasiyebfating a cannula into
an artery (usually radial or femoral artery), which give=eas to the arterial pulse waveform as

shown on figure 11.

P

systolic

P »——f-=—==== —— -

mean
Pdiasto lic

Fig 11: BP pulse



| OFSETH] D1.1 —Report on the requirements of the applicatipn

1.2.2 - Respiratory system
1.2.2.1 - Oxygenation — Pulse oximetry

Oxygenationrefers to the degree to which the oxygen-carrying capatitgmoglobin
is utilized (normally 98-100%). It can be measured either invasigalyan arterial blood
sample (Sag) or non invasively, by arterial pulse oximetry (SpQvhich is the standard of
care for monitoring oxygenation during anesthesia. Pulse oximetrpices the use of
plethysmography and spectrophotometric analysis to calcuteiingously the Sp@® Light
emitting diodes produce two wavelengths of light that are passmegthaen arterial bed (finger
or ear lobe). Absorption of specific wavelengths of light — netatio the ratio of
oxyhemoglobin (pulsatile signal) to reduced hemoglobin (non pulsatile signal)eagined by
transmission to a photo detector. The plethysmographic wavefogniZji results from the

capillar pulse induced by arterial blood pressure pulse.

Fig 12: Plethysmographic waveform example

Pulse oximeters are highly accurate (within 1% to 4%) folgerysaturations greater
than 70%, but this accuracy decreases at lower oxygen saturatibmspulse oximeters
overestimating the true value at lower saturations. In addition,ed@imtend to provide falsely
low values of Sp@in the setting of hypoperfusion, deep pigmentation, intravenous dyes and

nail polish. In these cases, the only reliable measure is obtained vid afterthgas analysis.

1.2.2.2 - Capnometry (PetGand capnography

Capnometry is the measurement of exhaled, Ghile capnography is the graphic
waveform display of C® The end-exhalation GQPetCQ) gives an estimation of partial
arterial blood CQ@ pressure (PaCQ Capnometry is therefore valuable for keeping blood's pH

constant, because Pag®@ strongly related with the pH value (see 1.2.2.4). But PgtCO
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measure is reliable only if it is made on the non polluted expyajazes, which requires
tracheal intubation. During MRI, most of the anesthetized patient®tdoeed intubation, and
keep spontaneous ventilation. PetG©not mandatory in this case. Some anesthesiologists use
it in order to measure respiratory rate, by placing the probe in the facesnasiample.
Capnography enables to measure respiratory rate, because #sdscte zero during the
inspiratory phase and increases up to Pet@fing the expiratory phase. Figure 13 shows an

example of capnography waveform with displayed PetCO

Fig 13: capnography waveform on a bedside mo

1.2.2.3 - Respiratory rate (Resp. R) and Tidal volume (Vt)

Respiratory rate (Resp. R) can be clinically assessed hguneg during one minute
the number of chest movements. Tidal volume (Vt) is the volume o&raimdividual is
normally breathing in and out. Minute ventilation is the total vdmilaon one minute.
Respiratory function is impaired during anesthesia by both hypnatia@algesic drugs, which
makes critical to assess quality (oxygenation) and quantity (enweritilation) of ventilation.
The measure of Vt is reliable only in case of tracheal intobatn all other cases, there is no
reliable mean to measure it during anesthesia. Respiratorgaatbe assessed by different
means, which usually include capnographic cyclic changes and thoraspiratory
impedancemetry (by means of ECG electrodes). Chest movesigmmasrecording is feasible,
but does not assess that respiratory movements induce any venaffimency. Fig 14 shows

an example of anesthetic monitor display.
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Fig 14: example of bedside monitoring during ahesta

1.2.2.4 - Arterial pH — respiratory acidosis — respiratory alkalosis
- Arterial blood gas analysis is fundamental to the managemethieogritically ill

patient, but not in most anesthetized patients. However, when surgery sinduce
important blood loss, arterial blood gas analysis is the only rellabén to measure
pH, PaQ, PaCQ, hemoglobin oxygen saturation (S&@nd serum bicarbonate.

- Respiratory acidosis occurs when pH<7.35 and Ba€@®mmHg, and respiratory
alkalosis occurs when pH>7.45 and Pa€®& mmHg. During anesthesia, pH
should be kept between 7.35 and 7.45, in order to avoid both respiratory acidosis
and alkalosis.

- Metabolic acidosis — defined as pH<7.35 and serum bicarbonate < 20 mrisl/L

of concern only in critically ill patients.

1.2.3 - Anesthesia

1.2.3.1 - Volatile and intra venous anesthetics

Volatile anesthetic agents are usually used in combination with venous agents
(benzodiazepines, opioids, propofol) so as to decrease the total dosenaniemthe side
effects of all drugs. Inhaled anesthetics used clinicallyudelnitrous oxide (N20O) and
fluorinated hydrocarbon volatile anesthetics: halothane, enfluraneyresodl, desflurane and
sevoflurane. All volatile anesthetics do not require tracheal intuhdiut make the use of an

inspiratory and expiratory gas analyser mandatory.
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1.2.3.2 - Opioids

Opioid drugs are used during painful surgical procedures as aitatlyjags. Their main
side effect is to impair ventilation, which becomes erratic bofhrequency and tidal volume.
This leads to the increase of PaCAdd the decrease of blood oxygenation. The easiest way to
make sure ventilation remains correct is to ventilate the aniesith@atient mechanically, with
a ventilation machine, but this requires tracheal intubation. A "hglesthesia” will keep the
patient's spontaneous ventilation, but the risk of respiratory acidosmstant. There are no
guidelines for MRI's anesthesia management, so that the anesthissicd free to choose
whichever drug and ventilation he finds best for the patient degathis medical history,

diseases and probable length of anesthesia.
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1.3 - Usual patient care during MRI

Not all patients need monitoring during MRI. One can distinguish ftlewing

situations:

1.3.1 - Conscious patients:

1.3.1.1 - No monitoring:
Usually, for a conscious adult patient, MRI does not need sedation or anesthesia.

1.3.1.2 - Sedation — monitoring:
In some cases, light sedation is needed because the patiengdiedquscal difficulties

facing the MRI stressful environment. In theses cases, "liglotiitoring can be helpful in

order to assess the patient’s well being. (HR, BP,,SREsp. rate).

1.3.2 - Anesthetized patients:

1.3.2.1 - Face mask spontaneous ventilation — monitoring:
When anesthesia is needed,i©delivered to the patient either with a facemask, or with

a laryngeal mask, which is near intubation, but needs not such a desthesi@e as for
intubation. Security of the patient has to be assessed by fullaringi{HR, BP, Sp@ Resp
Rate, Q, and — if used — inspired and expired volatile anesthetics monitoAatyQ and Vt
measures are not mandatory in this case.

Induction of anesthesia usually takes place in a room adjacent MRheand the patient is
then transferred into the MRI under general anesthesia. WhensViRRished, the patient is
transferred back — still anesthetized — to the room adjacent tdRhegoom. These transfers
without monitoring — because MRI monitoring is usually not transportalié anesthetised
patients are at risk of anesthetic complications

1.3.2.2 - Intubated — monitoring:
When intubation is needed, because of patient's morphology or probableoMRI |

duration, full anesthetic monitoring is needed (HR, BP, Sp@sp Rate, £ PetCQ, Vt and —
if used — inspired and expired volatile anesthetics monitoringC@eand Vt measures are
mandatory in this case

1.3.2.2 - Child and newborn:
It is common that a child will not stay still long enough in MRl bore to make a MRI

exam of good quality. This is why a lot of patients needing arsathee children, or mentally
impaired adults. Some newborn also need MRI. Anesthesia in thisscasey specific, and

monitoring has to be very reliable
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1.3.3 — Intensive care patients:

Few MRI devices are available for emergency departments;iakpat night, when few
medical staff are available. This explains the actual lackned#d for MRI compatible
monitoring, most imaging exams being CT scan, with which any poastable or bedside
monitor is compatible.

1.3.3.1 - Emergency departments:

Nevertheless, the emergency department of the University Hospitalle will have a
new MRI device in the coming months, which will be of particularregefor intensive care
patients, especially in case of brain or spine damage.

These patients usually need ventilatory assistance because@agskpulmonary damage, or
because of unconsciousness. They need hemodynamic support, usually nvasde i
monitoring of blood pressure, and frequently need vasoactive drugs. ifygrak hypercapnia
are of concern, especially in case of brain or spine damage,e wi@moxemia and
normocapnia are specific goals. All this stresses the innpena¢ed for reliable continuous
monitoring, even during an MRI procedure. The loss of time rekatddequent changes of
monitoring devices would be of great concern, particularly when gamey surgery of the
brain or spine is needed. A great improvement in patient secwotyd come from a
transportable, bedside, MRI compatible monitoring device.

1.3.3.2 - Intensive care departments:

MRI is also becoming more available for other intensive care units, where thegatie
also need continuous monitoring. The increasing number of MRI exams strespes\ving
risk for poorly monitored anesthetized patients during MRI or during transportatigneag
improvement in patient security would come from a transportable, bedside, MRatiolenp

monitoring device.
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1.4 -Reported activity of MRI devices in France's region Nord Pagsle Calais (annex 12
and 13)

The activity of installed MRI devices in private and public hospital France region
Nord-Pas de Calais has been assessed during the year 2004Hognitle Agence Régionale
d'Hospitalisation (ARH).

In 2004, 24 MRI devices were functional in the region Nord — Pas ldésQahich means 0.73
MRI devices / 100 000 inhabitants. Their mean annual activity was of XHsbse/ 100 000
inhabitants; this activity varied from town to town from 2757 to 3753 / 100iri@bitants.
The mean annual activity per device was 5253.

The increase of activity between 2002 and 2004 has been of 50%, whiche related with
the increase of MRI devices on theses two years, which Wwé%%. Projections up to 2010

lead to an estimate increase in activity of 31%.
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1.5 - MRl at C.H.R.U of Lille
1.5.1 - Epidemiologic data

In the Hospital Roger Salengro of the C.H.R.U. of Lille, dutiing first six month of
2004, 249 MRI exams have needed general anesthesia on the same M| ddwch
represent a mean of 41.5 exams/month. Of these 249 exams, 241 wemagubidn children
(96,8%). The mean age of the children was 3.6 years, ranging fdays3o 14 years. General
anesthesia was induced in a room adjacent to the MRI room, usiagverious or volatile
anesthetics. Tracheal intubation was mostly no used, and alhtsakept spontaneous
ventilation. Additional Q was delivered using either a face mask or a laryngeal. mask

1.5.2 - Current monitoring
Current monitoring included ECG waveform and HR measure, plethyaplugr

waveform and Sp©measure, automatic non invasive blood pressure, and continugus CO
waveform and PetCOmeasure, thus giving respiratory rate. A gas analyser vk wisen
inhaled anesthetic agents were used

1.5.3 - Imaging site
Most MRI exams were cerebral and medullar imaging. Onlyva \ieere thoracic,

abdominal, pelvic and lower limb imaging
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1.6 - Safety concern
1.6.1 — Burns

1.6.1.1 - General considerations
Some cases of MRI induced burns have been reported, in relatloooximeter sensors

and cables, and with cardiovascular monitoring devices. Differerhanesims can explain the
burns:

- Electromagnetic induction heating: Eddy currents are induced by the changing magnetic
field and result in Joule heating of the conducting specimen

- Heating in a resonant circuit maximum electromagnetic induction heating occurs when
the circuit is in a resonant condition, resulting in induction of the maximum current.

- Heating due to Antenna effect when considering current induction in lengths of cable,
the cable can be considered as a radiofrequency wire antennaypenisf antenna has a
larger sensitivity for the electric component than for the magremponent of the
radiofrequency radiation. The additional electric field induced H®y c¢urrents in this
antenna has a maximum field line density at the antenna tip. Xjpleires probably some

case reports where burning occurred under the ECG electrode only

1.6.1.2 - Burns associated with ECG monitoring

The nature of ECG leads makes it difficult to differentiadééneen heating due to the
antenna effect and heating due to direct electromagnetic ioduets both are possible. A
single lead at the resonant length may act as an antenna, hotwaver more ECG leads
could also form a conductive circuit and therefore be subject tot délectromagnetic
induction. The radiofrequency induced electromotive forces have been shde affected by
field inhomogeneity (60% gain increase near the edges of theasadl);ould therefore explain
for burns in relation with ECG cables being to close to the inside surface wedl BRI bore.
Faulty ECG electrodes characteristics:

- dry electrodes, permitting arcing of high current density

- partially contacting electrode, permitting conduction of a higheciirdensity over
the remaining small contact surface

- electrodes with small skin/electrode contact surface area, high cdergsity again

radiofrequency heating of the electrode gel



| OFSETH] D1.1 —Report on the requirements of the applicatipn

1.6.1.3 - Burns associated with pulse oximetry

There are several reports of burns occurring in relation withe pa¥snetry monitoring.
In all cases, provided that there was no cable loop, the Antennavediigld be the cause of the

burns, some of them severe and needing skin grafting or finger amputation

1.6.1.4 - Recommendations (annexe 14 and 15)

The authors of these case reports stress that the anesthetieed pa the mentally
impaired and the comatose ones, are mostly at risk for severe becasise they won't be able
to report the pain to the medical staff. These cases haveolsathe general recommendations
for monitoring during MRI:

1. Patients should be informed to call out if the experience pain from heating/burning

2. Monitoring should be performed with MRI compatible equipment and byadiyettained
personnel

3. The skin surface in contact with monitoring cables should be kept dry

4. All leads, cables and wires should be checked to avoid loops atgimaibg and during
scanning

5. ECG and Sp@leads should make contact with the patient at only one point, andaasaa
from the radiofrequency coil as possible

6. All potential conductors should be checked before use on each pat&rsure the absence
of frayed insulation or exposed wires

7. All unnecessary conductive material should be removed

8. Adult-type ECG electrodes must be used when undertaking MRI in children

1.6.2 - Cross patient contamination

Bacteriological and viral cross patient contamination is a canitext stresses the fact
that no infectious disease should be able to pass from patient tat gatieneans of the

monitoring devices. Single use monitoring should be considered
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1.7 - MRl related problems with the use of existing monitoring

1.7.1 - ECG:
- Electric conductive wires, within the magnetic field

- Burning hazard in case of wire loop or coating damage
- Burning hazard related to the Antenna effect, located under one skin contact

- Noise on ECG signal when MRI operates

1.7.2 - SpO2:
- Burning hazard related to the Antenna effect

- Noise on plethysmographic signal when MRI operates

1.7.3 - Non invasive blood pressure:
- Few problems

- Long line between pump and cuff, can lead to false BP measurement

1.7.4 - Respiratory rate:
- Impedancemetry not very reliable, because of noise on ECG signal wRleppkrates

- Capnography reliable : show effective expiratory flow

1.7.5 — Capnography:
- non reliable for PetCO2 measurement without tracheal intubation

- good way to show effective respiratory flow, but many errors possible

- enables respiratory frequency measure

1.7.6 - Usability of existing monitoring:
- existing bedside monitors are heavy and not transportable

- most transportable monitors are not MRI compatible

- room arrangement on MRI site necessitate a separate induction room thesiaeand
transportation of anesthetized patient between induction room and MRI room.

- patient monitoring relies on three different monitors : bedside monitor during induction of
anesthesia, transportable monitor during transportation, bedside monitor during MRI.

- awakening procedure cannot be completed in the MRI room, and will take place in the

induction room again, with bedside monitoring.
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2-SIDS—SUDDEN INFANT DEATH SYNDROME — I NFANT M ONITORS :

SIDS accounts for 500 deaths annually in Germany (4500 in the U.S, CDC
2006). It is still not clear, what causes SIDS, although a numbésko€anditions are
identified. One approach to prevent SIDS is the application of monitocefevo
measure and analyze body parameters. Up to now, these devicesmammises
between effort and indications. For a certain set of newbornseat gsk (due to
multiple medical reasons) rather sophisticated monitors aiéable at insurance cost.
However, for the average infant no feasible commercially abviailsolutions exist, that
is so simple as sensor embedded textiles are. This documentagiveagrview over
available systems and important information about the topic.

2.1 - State of the art in infant monitoring
2.1.1 - Physiological parameters to be monitored

To monitor newborn and small children, the following methods have been fourel useful
(cite):

Parameter Principle
Pulmonary ventilation - Respiratory flow evolution
Thoracic abdominal movements - Thoracic and abdominal perimetric lengttioraria

- Ballistic movements of the abdomen

2.1.2 - Commercially available devices

A number of devices is available for home use, either prescriptiver over the counter the
use. Generally, the price is an important issue for those devites,tsese devices are used at
home in a familial environment; cost is an important criterghepatient’s family keeps the
monitor during an average of 4 month at home (cite). Some of the@gansor technologies
are also applied for other sleeping monitor solutions, such as apnoea control for adults.

2.1.2.1 - Mattress sensors

Mattress sensorsonsist of sensor pads, that are positioned under the bed's mattress.
The sensor detects small movements of an infant's chest. A gwocggnals, when this
movement can not be detected anymore. The devices are mostly passivadfipa a

2.1.2.2 - Intgrated devices

Another type of sensors are integrated devices. Typically,ategttached to the baby
during sleeping and resting periods. This devices are relativedyl &nd weigh around 30
gramm (Figa).
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a) b) C)
Fig 15: A sensor pad is placed under the matress and a contrchttenithed to the bed (a © Jablotron
Ltd. b © Safety ) c) Buzz Baby Breathing Monitor (© Baby2Bed.com)

2.1.3 - Research and early stages

A number of different types of project were identified (seeFig).

Mamagoose Pyjamagby belgian company Verhaereyww.verhaert.cojnapplies a
system of respiration (2 capacitive elongation sensors, PatesmbedHeart rate (3
electrodes measuring the potential over the heart) sensors. Vibe dennects to an
electronic box and can be read out by a PC software (Figaemhs, that the device is
somehow difficult to use and the cable connector between the infatiieastectronics
is not suitable. Cooperation with in co-operation with University ofisBels,
Biomedical Physics Lab (Prof. Dr. M. Paiva).

Sensatexvyww.sensatex.conalescribes a new device based on light, breathable, cotton
fabric, that has fully integrated conductive fibers to measuréognahysiological
signals and transmit them to a small personal controller. The controllezekgitie data
signals and wirelessly transmits them to a remote computercdlwlates the results.
The system uses wireless communication systems based ZigBeadard (Figb).
Early research for the SmartShirt System was funded bPARPA. Sensatex claims

to hold six licensed U.S. patents on conductive fiber usage. Links exist to Geanlgia Te

The german ITV Institute of Textile Technology and Process Eegmg in
Denkendorf \www.itv-denkendorf.depromotes a device, that monitors heart beat rate,
breathing, body temperature and body humidity wallastic sensors(no further
specification). The system is being currently in clinicaltet the University clinic of
Tuebingen. The system has a cable connection between the sentite aodtrol unit

(Fige).

a) b) c)

Figl6: The Mamagooese Pyjama, (© Verhaerdt Design) b) An experinstumdsl for an e-textile shirt
from Sensatex Inc. c) Prototype of a monitor device (© ITMutes of Textile Technology and
Process Engineering Denkendorf)
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3- MONITORING ACQUISITION

3.1 - ECG waveform

The ECG waveform acquisition is essential for the qualitatiudy (visual study) of the
QRS complex morphology. Numerical processing of this signal allews computing the
heart rate value and possibly other useful parameters suchseg®iEnt slope, QRS duration

and magnitude...

3.1.1 - ECG acquisition:

The ECG electric signal is acquired using electrodes placdtieopatient’s skin. A
minimum of three standards points of measure are used to elaborate a standaravEfo@Gny
The following scheme illustrates a basic electronic cirasihg differential amplifiers to get
the amplified ECG signal. A simple analog to digital 8 bits cdevecan be used to get the

numerical signal.

Fig 17: Example of an electronic circuit for ECG plification.

3.1.2 - Specifications:

TECHNICAL PARAMETERS:

Ranges:

Basic amplification: 1V/mV
Possible gain adjustment: %2, 1, 2, 4
Sampling frequency: 250 Hz

AD converter resolution: 8 bhits
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Accuracy:
Gain Range Accuracy (8bits)
Ya +/- 0.5 mV 4 v
1 +/-1mV 8 uv
2 +/-2 mV 16 pv
4 +/- 4 mV 32 uv

Table 1: ECG accuracy

SAFETY LIMITS : Electrodes default detection

PATIENT ALARM : No alarm on the ECG waveform

DISPLAY: The ECG waveform needs to be displayed on a scope. No nunpaieaheters are
displayed

OPERATING ENVIRONEMENT:

For the MRI application:

Acquisition of the ECG in the MRI field requires the uses of ifpeelectrodes and
cables.

To obtain a noiseless signal, the cable needs to be as short as possible.

The short length of the cable implies that the electronic pdhteo$ensor needs to be in
the MRI field.

The distance between electrodes needs to be really short, bet#useoncern that an
induction loop between electrodes could form in the MRI field.

The MRI exam induces a lot of noise on the ECG signal.
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3.2 - Blood Pressure (BP)
The BP measure allows computing the mean, systolic and diastolic pressure values
3.2.1 - BP acquisition:

There are different ways to measure blood pressure:
Invasive technique.
Manual technique.

Oscillometric technique.

- Invasive technigue:

The invasive technique allows the continuous acquisition of the BP wavefortims
technique, the blood pressure is measumedsivelyby placing a cannula into an artery and
connecting it to an electronic pressure transducer. The continoalysia of the BP waveform

is useful for intensive care monitoring.

Fig 18: classical pressure transducer

Classical pressure transducer datasheet is available in Annex 3.
New optical fibre sensors also allow taking invasive blood pressure waveformhitiRiHesid.

Fig 19: optical fibre pressure sensor.

Optical fibre pressure transducer example is available in Annex 4.
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- Manual technique:

Usually, arterial blood pressure is measurehuallyusing a sphygmomanometer. This
is an inflatable cuff placed around the upper arm, at roughly the sartical height as the
heart in a sitting person, attached to a manometer. The cuiflased until the artery is
completely occluded. Listening with a stethoscope to the brachi&ly aat the elbow, the
examiner slowly releases the pressure in the cuff. When bloodbtogly begins again in the
artery, a "whooshing" or pounding sound (first Korotkoff sounds) is heard pfidssure is
noted at which this sound began. This is the systolic blood pressure. The cuff peelstiner

released until no sound can be heard. This is the diastolic blood pressure.

Fig 20: Mechanical sphygmomanometer with aneroichomaeter and stethoscope

- Oscillometric method:

Oscillometric methods are used in long-term measurement as well as inaklinic
practice. Oscillometric measurement (also termed NIBP =-INaasive Blood Pressure) is
incorporated in many bedside patient monitors. It relies on a auwfifas to that of a
sphygmomanometer, which is connected to an electric pump and a eressisducer. The
cuff is placed on the upper arm and is automatically inflated. Winessure is gradually
released, the small oscillations in cuff pressure that areeddusthe cyclic expansion of the
brachial artery are recorded and used to calculate systolic and dipstskares.

An example of non-invasive blood pressure transducer is available in Annex 5.
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3.2.2 - Specifications for BP:

TECHNICAL PARAMETERS:

Ranges: 0 to 300 mmHg.

Accuracy: +/- 1 mmHg

SAFETY LIMITS: disconnection detection

PATIENT ALARM:

Alarm on the systolic pressure:

Lower Upper

Adult 80 160

Child (2 to 12 years) 70 120
Newborn 50 80

Table 2: Alarm on the systolic pressure

The alarms need to be adjustable.

DISPLAY:

The parameters to be displayed are:

Systolic pressure with 3 significant digits.

Diastolic pressure with 3 significant digits.

Mean pressure with 3 significant digits.

All this parameters will be displayed in a numerical display.

If using the invasive method, the BP waveform needs to be displayed on a scope

OPERATING ENVIRONEMENT:

For the MRI application:

For the oscillometric method, the electric pump needs to be plaaedheepatient (in the MRI

room).
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3.3 - Plethysmographic waveforms (Plethy)

The Plethy waveforms acquisition is essential for the;$@e computation. It can also
be used to compute the Heart Rate value.

3.3.1 - Plethy acquisition:

The plethy waveforms acquisition can be obtained with a pulse dirfdiR sensors).
Pulse oximetry is a non-invasive method for the monitoring of tred & oxygen in the blood.
Using a small finger-tip detector, light is transmitted through the skidetector calculates the
light that is absorbed by the skin and underlying tissues to deetime level of oxygen in the
blood.

Fig 21: Light transmission finger pulse oximeter

Fig 22: Light reflection forehead pulse oximeter

We obtain 2 waveforms (Red (R) and Infrared (IR)).

An example of pulse oximeter transducer is available in Annex 6.
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3.3.2 - Specifications for plethy:

TECHNICAL PARAMETERS:

Ranges:No unit.

SAFETY LIMITS: disconnection detection

PATIENT ALARM: _No alarm on the plethy waveform

DISPLAY: One of the two waveforms needs to be displayed in a scope

OPERATING ENVIRONEMENT:  No special environment constraints; the plethy signal is on
optical signal

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.4 - Oxygen saturation (SpQ)
3.4.1 - SpQ computation:

Oxygen saturation (Sp measures the level of oxygen in the blood. Its measure
requires measuring the R and IR waveforms magnitude ratio (RgR)ration is computed
using an empiric algorithm.

3.4.2 - Specifications for Sp@

TECHNICAL PARAMETERS:

Range: 0 to 100%

Accuracy: 1%

Pulse rate range:0 to 300 bpm
Pulse rate accuracy:+/- 1 bpm

SAFETY LIMITS:

PATIENT ALARM:

Lower Upper
Adult 92 -
Child (2 to 12 years) 92 -
Newborn 92 98

Table 3: Alarm on SpO2
The alarms need to be adjustable
DISPLAY:

The SpQ measure will be displayed in a numerical display with 3 significant digits, SpO
values under 50% won’t be displayed (replaced by “- -*).

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.5 - Heart Rate (HR)
3.5.1 - HR computation:

HR can be computed by cycle detection on ECG, invasive ABP or pletigraphic
waveforms. It also can be computed using FBG sensors used sustraia aensor to pick up
the heart movements but this method needs to be validated. UsuallyyetisplR is averaged
on several beats to ensure the display stability (usually 7 beats).

3.5.2 - HR specifications:

TECHNICAL PARAMETERS:

Range:0 to 300 bpm
Accuracy: +/- 1 bpm
Pulse rate range:0 to 300 bpm
Pulse rate accuracy:+/- 1 bpm

SAFETY LIMITS:

PATIENT ALARM:

Lower Upper

Adult 50 160

Child (2 to 12 years) 50 160
Newborn 80 160

Table 4: Alarm on HR
The alarms need to be adjustable.

DISPLAY:

The HR parameter will be displayed in a numerical display with 3 significgits.di

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.6 - Respiration waveform ( Resp.)

The Resp. waveform acquisition is essential for the respireaiteyand the tidal volume

measurement.

Fig 23: Resp. waveform.

3.6.1 - Resp. acquisition:

Respiratory waveform represents the respiration flow evolutionfaaciion of time.
This signal is acquired by the way of a precision differergraksure transducer added to a
pneumotachometer for the measurements of respiration flow ratssally) the

pneumotachometer also measures the respiration pressure.

Fig 24: pneumotachometer

The Respiratory waveform can also be obtained by the way of FBG strain. $erb
case, the signal represents the respiratory movement wavahorionly respiratory rate can be
computed.

An example of pneumotachometer is available in Annex 7.

An example of differential pressure device is available in Annex 8.

An example of optical fibre strain transducer is available in Annex 9.
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3.6.2 - Resp. specifications:

TECHNICAL PARAMETERS:

Ranges and accuracy directly depend on the acquisition methodddassBG) we

choose to take the resp. signal.

SAFETY LIMITS: disconnection detection

PATIENT ALARM:

If using a pneumotachometer, alarm can be put on the respiration pressure.
Alarm will be displayed if the pressure peak is over 50 mmH2d tre end inspiration

pressure is over 40 cmH20.

DISPLAY:
The respiratory waveform will be displayed continuously on a scope

OPERATING ENVIRONEMENT:

For the MRI application:

If using a pneumotachometer:

- The connector between the pneumotachometer and the differential @ressur
transducer needs to be as short as possible.

- The short length of the connector implies that the electronicop#ne sensor needs
be in the MRI field.

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.7 - Respiratory Rate (Resp. R)
3.7.1 - Resp. R computation:

Resp. R can be computed by cycle detection on the Respiratory waveform.

3.7.2 - Resp. R specifications:

TECHNICAL PARAMETERS:

Range: 0 to 50 cpm.
Accuracy: 1 cpm

SAFETY LIMITS:

PATIENT ALARM:

Lower Upper
Adult 6 20
Child (2 to 12 years) 6 20
Newborn 15 30

Table 5: Alarm on Resp. R
The alarms need to be adjustable.
DISPLAY:

The Resp. R parameter will be displayed in a numerical display with 2 sighifiicgts.

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.8 - Tidal volume (Vt)
3.8.1 - Vt computation:

Vt can be computed by integrating the Respiration flow wavefoanif nly using the
FBG sensor method, this parameter can’t be displayed.

3.8.2 - Vit specifications:

TECHNICAL PARAMETERS:

Range: 0 to 2000 ml
Accuracy:

Adult : 1 ml
Newborn : 0. ml

Pulse rate range:0 to 50 cpm
Pulse rate accuracy:1l cpm

SAFETY LIMITS:

PATIENT ALARM:

Lower Upper
Adult 400 ml 900 ml
Child (2 to 12 years) 300 ml 700 ml
Newborn 15 ml 70 ml

Table 6: Alarm on Vt

The alarms need to be adjustable.

DISPLAY:

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.9 - Temperature (T°)

The temperature waveform can be useful for intensive care or anesthetisets pader
MRI and for the wearable application.

3.9.1 - T° acquisition:

Usually, temperature can be acquired by a medical temperature transdudes|j.

Fig 25: Temperature transducer

This parameter can also be measured with FBG sensors.
An example of temperature transducer is available in Annex 10.

3.9.2 - T° specifications:

TECHNICAL PARAMETERS:

Range:22to 42 °C
Accuracy: (8 bits) 0.078 °C.

SAFETY LIMITS:

PATIENT ALARM:

Lower Upper

Adult 36 38.5

Child (2 to 12 years) 36 38.5
Newborn 36 38.5

Table7: Alarm on T°

The alarms need to be adjustable
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DISPLAY:
The temperature parameter will be displayed in a numerical display wighificant digits

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.10 - Capnography (CQ)
3.10.1 - CQ acquisition:

Capnography relies on the continuous measure of inspiratory and expgatby a
gas analyser. It usually measureg OQ,, and inhaled anesthetic agents. The probe line is

connected between the gas analyser and the tracheal tube, laryngeal raeskask.

3.10.2 - CQ specifications:

TECHNICAL PARAMETERS:

Range:0 — 120 mmHg
Accuracy: 1 mmHg

SAFETY LIMITS: Apnea detection (no ventilatory cycle)

PATIENT ALARM: Apnea detection (no ventilatory cycle)

DISPLAY: CO, waveform needs to be displayed continuously on a scope

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.11 - Capnometry — Expiratory end-tidal CQ (PetCQO,)
3.11.1 - PetCQ computation:
PetCQ can be computed from the @@aveform. It represents the maximum magnitude on

one respiratory cycle.

3.11.2 - FetCQ specifications:

TECHNICAL PARAMETERS:

Range:0 — 120 mmHg
Accuracy: 1 mmHg

SAFETY LIMITS:

PATIENT ALARM:

Lower Upper
Adult 30 45
Child (2 to 12 years) 30 45
New born 30 45

Table8: Alarm on PetCO
The alarms need to be adjustable
DISPLAY:
The PetCQ parameter will be displayed in a numerical display with 3 significant digits

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.12 - Arterial pH

- Capnography and capnometry are mandatory in anesthetized patigntsacheal
intubation. It gives then a reliable insight on PaGd. 1.2.2.b and 1.2.2.d) and
therefore on arterial pH, and will be strongly and quickly inftexl by any
variation in hemodynamical status. However, it is of little helgemvthe trachea is
not intubated, which is the most common situation during MRI.

- A direct, non invasive, transcutaneous measure of arterial pH woehdhe very
valuable in the anesthetized patient whose ventilation is alwapsired by
anesthetic drugs. The display of pH waveform and measure on a beusiter
would help the anesthesiologist make sure that the patient does not suffetaigspira
acidosis.

- Feasibility of a transcutaneous measure has, to our knowledge, bemre proved.
Measuring conditions would be very variable, as the patient's sKirbavhighly
variable in thickness, temperature and humidity.

3.12.1 - pH acquisition:

pH parameter, which is related to PaC€@an be measured by the way of optical fibre

sensors. An example of optical fibre pH transducer is available in Annex 11.

3.12.2 - pHspecifications:

TECHNICAL PARAMETERS:

Range:6.70 — 7.70
Accuracy: 0.01

SAFETY LIMITS:

PATIENT ALARM: The alarms need to be adjustable

DISPLAY: The pHparameter will be displayed in a numerical display with 3 significantsdigit

OPERATING ENVIRONEMENT:

POWER:

PHYSICAL DIMENSIONS AND WEIGHT:
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3.13 — Wearable and SIDS monitoring:

3.13.1 — Useful parameters:

For wearable monitoring (ambulatory conditions), the usual non invhsweedical
parameters which can be acquired are:

- Heart rate

- Respiratory rate

- Sp02

- Temperature

- Activity.
These parameters are the same for adults and neonates (SIDS monitoring).

3.13.2 — Wearable and SIDS monitoring specifications:

TECHNICAL PARAMETERS:

For all these parameters, range and accuracy are the same ad faurptize, except
for the respiratory activity of neonates, where we are more interestesigiratory pause
detection than in the respiratory rate itself.

SAFETY LIMITS: the same as for MRI purpose.

PATIENT ALARM: the same as for MRI purpose.

DISPLAY: the same as for MRI purpose.

OPERATING ENVIRONEMENT:

The environmental constraints may be different from the MRI use:

- The sensors for ambulatory monitoring will take advantage of being integneded i
garment, for facility of installation and operation

- the sensors and garment may become humid because of sweat or liquid spilling

- The garment must be washable in ordinary conditions: washing machine or hand
washing at home.

- The sensors, wearable electronic components and garments must be
decontaminated, separately or together

- The energy supply is on board the garment, so the electrical consumption is an
important parameter to take in account for the autonomy in ambulatory and SIDS
monitoring.

- A wireless link to transfer the collected data from the wearable devicecarhy or
remote computer is a must for many applications.

- The textile support should be easy to dress/undress, to connect and to switch on/off.

- the size range of the garment should fit many people, who may have very different
anatomy

- The textile support must have the same protective properties as usual garment
mechanical and thermal protection, moisture evacuation, soft skin contact and no
irritating components.

- Good ergonomics are often obtained with stretchable fabrics, woven or knitted,
including Elasthane/ Lycra yarns.
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