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System information and
advantages

Biomagnetic measurements provide a number of advantages
compared to electrical measurements:

e Biomagnetisms noninvasive. The detection system does not contact the subject. The
nor-invasive nature of biomagnetism makes it an inherently safe procedure and minimizes
subject preparation time.

e Insulating barriers such as the skull, varying layers of tissueyraic open spaces, do
not attenuate or distort magnetic fields. Electrical signals are distorted by the varying
resistive layers between the signal source and the surface skin.

e SQUID magnetometers will measure the vector component(s) of the magnetic tiaetd
localization is much easier than with electrical measurements, which only measure scalar
voltages.

e Magnetic measurements can be made for which there are no electrical analogs. These
include measurements of static magnetic fields, measurementsnofgimetic susceptibility

and measurements where an invasive procedure is not possible (e.g., fetal cardiography).
e Because of the superconducting nature of SQUID measurements, true dc response and
flat phase response are available.

Instrumentation

Thestengt h of biomagnetic signals i s many order :
magnetic field, which is 1/2 Gauss or 50 microtesla. The signal strengths associated with
biomagnetism (Fig. 1) require the use of extremely sensitive detection syStemsits in this

figure are femtotesla, 1 fT = 11b tesla. The only instrument with the required sensitivity and

bandwidth is the SQUID magnetometer.

The components of a SQUID magnetometer (Fig. 2) typically consist of the following: a

detection coil, viich senses changes in the external magnetic field and transforms them into an
electrical current; an input coil which transforms the resulting current into a magnetic flux in the
SQUID sensor; electronics which transform the applied flux into a room tatapevoltage

output; and acquisition hardware and software for acquiring, storing and analyzing data. Both the
SQUID amplifier and the detection coils are superconducting devices. Thus some type of
refrigerant (liquid helium or liquid nitrogen) or refagation device (cryocooler) is needed to
maintain the SQUID and detection coil in the superconducting state. Additional signal
conditioning electronics may be needed to improve sitgaabise.
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Figure 1: Typical amplitudes and frequencies of various bicmagnetic signals.

shaded reaicns indicate the limits of currentlv available SQUID sensors.
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Figure 2: Bloedk diagram of a SQUID magnetometer
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The SQUID sensor and electronics packagebeaconsidered as a black box that acts like a
magnetic fieldto-voltage converter and amplifier with extremely high gain. In addition, it offers
extremely low noise, high dynamic range, excellent linearity, flat phase response and a
bandwidth that can exte from dc to beyond 100 kHz, capabilities that no other single sensor

offers.

The type of SQUID sensor and detection coil configuration is dependent on what is to be
measured. Figure 1 also shows the capability of both low temperature (requiring liguid he
temperatures, and referred to as LTS) and high temperature (requiring liquid nitrogen

temperatures, and referred to as HTS) SQUID magnetometers. Tristan biomagnetic measurement
systems make use

of
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SQUID sensor. The input coil for an LTS SQUID is normally fabricated from flexible
superconducting NbTi wire. The inherent anisotropic nature of HTS SQUIDs requires that the
input coils be planar. Typically HTS magnetometers are available oplyrasnagnetometers.

Another factor to be considered is the detection coil configuration. Conceptually, the easiest
input circuit to consider for detecting changes in magnetic fields is a pure magnetometer (Fig. 2).
However, magnetometers are extremelysge to all magnetic signals in the environment.

This may be acceptable if one is measuring ambient fields. However, if the magnetic signal of
interest is weak, then environmental magnetic interference may prevent measurements. If the
signal source is obke to the detection coil, then a gradiometer coil may allow a weak signal to be
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measured. Figure 3 shows the relative noise rejection for 1st and 2nd derivative gradiometers.

The figure insert shows a first order gradiometer, consisting of two coilsaedna series but
wound in opposite senses, and separated by a
uniform magnetic field (e.g., from a distant environmental source) would couple equal but

opposite quantities of flux into the two coils, rasg in zero net flux in the gradiometer, or zero
signal. However, signal sources that are close to the lower coil (relative to the baseline, or
separation between coils) would couple significantly more flux into the lower coil than into the
upper coil; tiis would result in a net flux in the gradiometer and hence the signal would be

detected.
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Figure 3: Response of gradient coils relative to magnetometer response (113 suppressed)
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For objects objects that are close (relative to the gradiometer baseline), the gradiometer acts as a
pure magnetometer, while rejecting more than 99% of the magngials coming from distant
objects. I n essence, the gradiometer acts as

Normally, SQUID magnetometers (and gradiometers) map the axial (BZ) component of the
magnetic field. Obviously, using three sensors, it is possibletotan all three vector

components of the magnetic field. Additional channels of SQUID sensors can be used to provide
reference channels for electronic balancing. Portions of the reference magnetometer responses
are summed electronically with the detectomil(s) output to reject common mode signals from
distant noise sources. Electronic balancing can be used to create an HTS axial gradiometer from

two HTS magnetometers.
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1. BabySQUID NEONATAL

BIOMAGNETOMETER

The BabySQUID Neonatal Biomagnetomateanew investigational tool for neurological
impairments of préerm and fullterm infantsbabySQUID® (pdfimeasures and maps brain

activity noninvasivelyat the bedside.

CLINICAL ADVANTAGES of babySQUID®

Monitor recovery from trauma

Map the sites and dynamics of sensory functions
Map seizure and intactal activity for epilepsy monitoring
Assay stages of nervous system development

Detect effects of earlidrypoxic and intracranial injury

More newborns survive even with neurological disabilities.

CONDITION

INCIDENCE

perinatal asphyxia

between 2 47 per1000

hypoxemicischemic encephalopathy

between 3 8 per 1000
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http://tristantech.com/wp-content/uploads/2013/09/babySQUID_v1.1.pdf

moderateto-severe cerebral palsy (postonatal)between I 3 per 1000

periventricular white matter injury 240 per 1000 (for gestational age < 38 weg

TECHNICAL ADVANTAGES OF BabySQUID®

e Unprecedentedpatal resolution and sensitivity.

e A dense array of closely spaced sensors is logastthelow the outer surface of a

headrest

e The sensor noise is < 10 fT/OHz for the detection coils

e BabySQUID® has an order of magnitude better sensitivity to neuronal sources than
conventional wholdnead MEG systems o0 Sensitive enough to measure spoasane
neuronal activity and evoked activity of the cortex of the newborns in real time without
signal averaging o Spatial resolution four times greater than existing-ivaateMEG
Sensors

e In comparison, EEG signals are significantly distorted by skull de{éantanels and

sutures) unique to the human neonates. These skull defects can obscure the asymmetry of

the signals, especially when the generator is deep, making it difficult to determine the
location oftheepileptiform tissue when d¢annotbe easilyisualized by CT or MRI.

PRINCIPLES OF PRODUCTION

Superconducting amplifiers (SQUIDs) are used to amplify magnetic signals detected by a large
array of small detection coils. The detection apparatus is kept at cryogenic temperatures by a
vacuum insulateglessel (dewar). Tristan developed fabrication methods allow the detection coils
to be placed extremely close to the patient without loss of sensitivity or risk to the patient.
Additional information on neuromagnetic instrumentation can be fouGdat2.pdf The
babySQUI DE takes advantage of the fact that
possible to measure MEG signals at a distance of only ab®uatrs from the brai surface. This
shorter distance results in a significant increase in amplitude of MEG signals from the newborns,
since the magnetic field is inversely proportional to the square of the distance. The shorter
distance and the high density of detectors edsalts in higher spatial resolution.
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2 ARTEMIS123®

SYSTEM DESCRIPTION, PRINCIPLES OF OPERATION

Like adult Magnetoencephalography (MEG) systems, Artemis123® uses superconducting

sensors to nemvasively detect and map magnetic fields generated by cortical neural activity.
However, Artemisl23® takesadant age of t he f ac tskultareadgry t he i nf
thin. Tristanbdés fabrication methods put the s
activity, even though SQUIDs must operate in an «dtdd liquid helium environment. The net

result is a significant kerease in amplituel of neonate MEG signals. Also, the high density of

detectors results in higher spatial restidun compared to adult wheleead MEG.
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Mapping of sites and dynamics of sensfnyctionsi auditory, somatosensory, and visual
modalities

SYSTEM COMPONENTS

Sensor/Cradle/Bed on mobile cartasily aecessed height

e Power supplies and computer on companion mobile cart to minimize noise

e Subject Tracking optical tracking system ugates movement at 30 Hz with %2 mm
accuracy

e Partwise mapping or optional opticane-click 3D imaging system

e Assay stages of nervous system development

Visgrasc Bad (pT)

200

Tme ()

Somatic evoked magnetic field (SEF) obtained fromnaonth old as a function of number of
averages from N=4 to 173 epochs. The waveforms are the differences of the SEF at two field
extrema. This shows that a small number of averages are needed to acquire SEF data. (data
acquired using a Tristan babySQUID® system).
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UNIQUE FEATURES OF ARTEMIS123®

Superior spatial resolution and sensitivity

Significantly more sensitive to neuronal soes than conventional whelead MEG

systems

Similar or better spatial resolution compared to existing whekd MEG sensors

Better spatial resolution than EEG (EEG signals are distorted by skull defects (fontanels
and sutures), making it difficult locize epileptiform tissue

Rapid scanning: a typical clinical scan can be completed within thirty minutes
Anti-vibration construction; infant motion will not cause vibrational artifacts

Sensor noise level < 10 fT/ Hz

A dense array of closelypaced sensolscated just below the outer surface of a

headrest.

Allows simultaneous measurement of the octpiarea and parietal and temporal areas
Includes position tracking device and software, permitting measurements during sleep or
relatively quiescent wakefakess

The measurement cradle and companionttaucs cart are portable and can be wheeled
in and out of elevators, obstetric suites and-ma&e ICUs
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3. A) EchofMICG™ SQUID SYSTEM FOR
FETAL CARDIAC MEASUREMENTS

The EchofMCG ™ is a unique multchannel vector fMCG system integrated with an
echocardiography system, capable of simultaneously performing fetal magnetocardiography
(fMCG) and echocardiography (echo/Doppler). Such linking of echo/Doppler and fMCG would
allow the clinican to analyze the fetus rapidly for both hemodynamic as well as
electrophysiologic abnormalities, such as fetal arrhythmias. This will be the world first clinical
modality to provide full characterization of the intrauterine condition of fetuses with life
threatening heart conditions.
SQUID = Superconducting Quantum Interference Device.

« Simultaneously detection of both ultrasound and magnetic fields associated with fetal

cardiac electrical activity

e Vector gradiometer design to maximize captured fM@fGrmation

« Small probe profile for easy positioning in close proximity to fetus

« Gantry movement offers four degrees of freedom for patient accommodation

21-Channel Signal Array

-

7 vector gradiometer elements(dBx/dz. dBy/dz, dBz/dz) arranged in a
hexagonal array

= with ~8 cm baselines to allow for variability in the source depth

= Coil-coll spacing of ~4 ¢cm and an overall tail diameter of ~10 cm

The EchofMCG ™ System Shown With

= 7Ultrasound probe monted on the fMCG

dewar probe
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EchofMICG™ SYSTEM ADVANTAGES

Vector field mapping capability.

Ability for deep source detection

Synchronized fMCG and fetal ultrasound measurement.
Advanced data processing based on spatial filtering and ICA.

B) TruckSQUID™ SYSTEM FOR MOBILE
FETAL MAGNETOCARDIOGRAPHY (fMICG)

The TruckSQUID E is a unique sys)measurdnents. f et al
It allows the clinician to analyze a fetus rapidly for electrophysiologic abnormalities such as fetal
arrhythmias. This system is the first clinical mobile system that profutiestrauterine

characterization of a fetus with litareateing heart conditions.

TruckSQUID ™ SYSTEM CHARACTERISTICS:

Vector field mapping capability

Deep source detection capability Liquid Helium

Dewarhold time 57 days Windowsbased acquisition and display software
Advanced data processing based on spatial filtering

ICA optionalUltrasound probe
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4. BIOMAGNETIC LIVER
SUSCEPTOMETER

The BLS Liver Iron Stores Measurement System is designed for measuring fields from
paramagnetic materials in the body, such as hejpaticstores in the liver. Measurements are

made by determining the change in magnetic field at the detector as the subject is moved into
and away from the sensitive region of the detector. A small magnetic field is applied during these
measurements by albeontained superconducting magnet. To simulate the presence of the body
during the measurements, water approximating the natural diamagnetism of the body is located
between the sensor and the body.

The system includes dual channel axial gradiometers (3rd channel optional), superconducting
magnet and power supply, a liquid helium dewar and gantry, water bag and reservoir, movable
bed, a data acquisition and analysis system, and all necessary aesegsowith all Tristan
systems, an oaite training course in the proper use of the system is available.

APPLICATIONS

The most relevant applications of Biomagnetic Liver Susceptometry (BLS) are related to iron
overload diseases such as hereditary hemodiasis and siderosis caused by blood
transfusions. To date, the following applications have been demonstrated:

e Monitoring iron overload in patients with transfusional siderosis (genghalBssemia
major and sickle cell disease, or other transfusiomioi@gnt anemias) for the onset or
intensification of chelation therapy and during this therapy.

e Assessment of iron overload in patients scheduled for Interferon alfa therapy in viral liver
infections such as Hepatitis B or C.
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e Assessing iron overload in patits with Rthalassemia scheduled for bone marrow
transplantation (BMT) or monitoring iron overload after BMT during iron depletion
therapy.

e Assessment of the lorigrm efficacy of different iron chelators under study.

e Diagnosis of hereditary hemochromasosnd assessment of the degree of iron overload
in known hereditary hemochromatosis.

e Monitoring liver iron concentration in the initial assessment and long term phlebotomy
therapy of hereditary hemochromatosis.

METHODOLOGY

Noninvasive Biomagnetic LiveBusceptometry (BLS) exploits the effects of magnetism and
superconductivity. Biological materials such as ferritin and hemosiderin are weakly attracted to
an applied magnetic field (paramagnetic behavior) while water and body tissue are very weakly
repelle (diamagnetic).

Ferromagnetic materials e.g., nickel and steel, are strongly attracted to applied fields. No
naturally occurring human tissue is ferromagnetic. In the BLS method, a weak magnetic field of
0 - 20 millitesla is generated within the body tisdy an external superconducting field magnet,
similar to that used in a MRI scanner, but a hundred times weaker. The applied fields are
measured by a superconducting magnetometer known as a SQUID (Superconducting Quantum
Interference Device). The SQUIRrssing system has the ability to measure distortions in the
magnetic field at the part per billion levels.

When an organ, such as the liver, is placed in a magnetic field, it will slightly distort the applied
field. If the liver is normal or anemic, theclal field will be reduced slightly. If the liver is iron
overloaded, the local field will be enhanced. Hence the change in the detected magnetic field is
directly related to the iron concentration in the liver. To minimize the body's contribution to the
distortion in magnetic field, a small bag of water is placed between the detector and skin surface.
Since the susceptibility of body tissue is close to that of water, the resultant measurement is
essentially that of a magnetized liver (or spleen) movingnmagnetic field within a uniform
(diamagnetic) environment; the only change seen by the detection coils is due to the liver (or
spleen) itself.

For higher accuracy, our software removes the actual contribution of overlying tissues (skin,
bone, muscle, fagtc.). This gives the iron concentration of the liver (or spleen) alone, allowing
accurate measurements for obese patients and normal patients with atypical liver/spleen depths.

To date, the BLS method has been applied to organs such as livers agedcesgeens (> 300
ml) with a total error of [Fe] = 0.050.4 mg/g tissue (wet weight). Repeatability (serial
measurements over three weeks) on single subjects of better than 95 % has been demonstrated.
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5. INTESTINAL ISCHEMIA SYSTEM

Tristan Technologies fabricates a high sensitivity, reliinnel SQUID magnetometer system

for measuring electromagnetic activity in the human intestine. Presently, intestinal ischemia is

difficult to diagnose, and is usually fatal. SQUID sensors carciiste magnetic fields produced

by the BER (basic electrical rhythm) of the human intestine. The frequency of the BER signals

changes under ischenda the frequency of BER intestinal signals are ~10 cpm (cycles per

minute).

Figure courtesy of Vanderbilt Uraversity

Pigure courtesy of Vanderbit Unversity

o

¢ cowrtesy of Vanderbilt Uraversity

Magnetic measurements provide improved sigaaloise over the currently more typical
cutaneous electrode measurements of electric potential. In contrast to the measurements of
voltages on the skin surface, magnetic signals are not attenuated or rediyettte multiple
layers of varying electrical resistivity tissues separating the intestine from the skin surface. With
multi-channel magnetic measurements, vector projection analysis techniques allow focusing on
the signals of interest, distinguishingithérom the many other biomagnetic and environmental
signals present. Other less serious intestinal disorders, such a®Grohid i sease, ul
and irritable bowel, are also difficult to diagnose; their diagnoses may be improved with this

system

e Nonnvasived no contact between instrument and abdominal wall.

e Magnetic measurements superior to electric
e Signals not attenuated or redirected by the multiple layers of tissue separating skin from

intestine

e Improved signato-noise.
e Detect signal chages before pathological damage.
e Useful information in short time perio@s extensive patient preparation or analysis not

required.
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Figure 1. Schematic drawing: Model 637 Intestinal
Ischemia System

ELEMENTS IN THE MODEL 637 INTESTINAL ISCHEMIA SYSTEM

29 magnetic field sensing channels, < 20 mm feemsor surface, distributed over

Large (296 cm?2) area of coverage

Or, intermediate (82 cm?2) area of coverage (set at Tristan facility)

8 magnetic sensing channels, in a tensor array, monitoring environmental magnetic noise.
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This system is a muithannel system with 29 detection coils (19 axial coils, 10 vector coils)
designed to measure the Basic Electric Rhythm (BER) associated with intestinal activity. The
specific application is detection of Mesenteric Ischemia, a liatening condition with no
conventional reliable method of diagnosis.-Blraical trials in partnership with Vanderbilt
University are underway. The system features cediouum construction and the unique ability
to vary the position of the detectioails. This allows the researcher to adjust the spatial

frequency measurement capability of the syste
6370 1 n cdlemenetensoanoisededuction scheme. Designed to operate in a clinical
setting, the model 637 operate i n an unshielded environment. T

vacuum design is critical for sensors that are both portable and adaptable to measurement at
varying orientations.
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6. SpineSQUID™ SPINAL CORD
MEASUREMENT SYSTEM

Tristan has builand delivered a fully integrated 63 channel magnetic source imaging system for
norrinvasive measurements of spinal cord activity and source localization. The system is
adaptable for humans or animals. Because spinal signals are action potentials, thessyste
designed to acquire data in excess of 100,000 samples per second on each of its 80 channels
(including reference channels), more than an order of magnitude faster than conventional MEG
devices. For this project, Tristan devised a novel high speedctpigsition and monitoring

system capable of acquiring and storing more than 10 minutes of continuous spine data, and
simultaneously retrieving and reviewing a data set collected previously.

ADVANTAGES

e Tailor-made complex shape Dew&sphisticated cryogenic dewar construction

¢ Noise reduction software and hardware

e Orthogonally oriented vector (Bx, By, Bz) detection coils Asymmetric gradiometers for
improved sensitivity Multiaxis dewar gantries

e Magnetically quiet motorized patienétls Vector and tensor reference arrays for noise
cancell ation Software for data anal ysi s
reaktime review

e Software compatibility with standard source analysis packages (BESA, EMSE) and with
MATLAB.

e Integraed hardware and software for positioning and tracking the subject: including 3D
optical positioning camera system.

17 |Page



7. MODEL 601 SINGLE CHANNEL
GRADIOMETER SYSTEM

The 601 is a single channel LTS (liquid helium) SQUID gradiometer system. Its components
consist of a Cryogenic Probe with liquid helium level sensor, a 1st order axial (dBz/dz) detection
coil, IMAG® LTS SQUID and electronics (1 channel) and a Model B&Diquid Helium

Dewar. With a 1 cm detection coil, sensitivities approaching 10 fT/OHgamsible. The BMP

6 dewar allows the detection coils to be placed within 10 mm of room temperature. System
components:

1st order axial detection coil, nominal 1 cm diameter, 2% balance
Cryogenic Probe with liquid helium level sensor

Model LSQ/20 LTS dc SQID

Model BMD-6 Liquid Helium Dewar

Model iIMC-303 Cryogenic Control Unit

Model iIFL-301-L Flux-Locked Loop

Model CG6 six meter fibefoptic composite connecting cable
Manual and accessory pack

SAMPLE CONFIGURATION

e 2mm diameter % order gradiometers with 1 cm baseline.
e 2mm coil to coil separation.
e 2mm offset from room temperature outer dewar surface.
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8. INVERTED SQUID MICROSCOPE

Tristan Technologies has developed a prototype Inverted SQUID (Superconducting

Quantum Interference Device) Microscope for neuroscience research. The target signal

levels are much weaker (1300 fT, fT = 1015 Tesla) than signals in the area of-non

destrictive evaluation (> 1 pT, pT= 102 Tesla) where SQUID microscopes have been
usedpreviouslyThe term fAiinvertedo is adopted becal
inverted optical microscope except the objective lens is replaced by an array of

supercondcting miniaturemagnetic field sensing coils.

The microscope is useful for other applications that include measurements of:

e (1) Electrical currents from single neurons and glial cells in culture

e (2) Efficiency of bonding of antigens and magneticaltygeed antibodies (immunoassay)

¢ (3) Movements and conformational changes of a small number of magnetically tagged
molecules in a cell for studying signaling pathways.

The inverted SQUID microscope is useful in both academic setting and industry for

understanding the electrophysiology of small cells that are difficult to study with
electrodes, for drug discovery and for studying seaoedsenger systems.
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9. INFANT MEG SYSTEM- MagView™

The Tristan MAGViewTM Biomagnetometésatures whole head coverage for a helmet

designed to fit a 50 cm circumference head. It is used tonvasively measure weak magnetic
fields produced by electrical activity from the brain of infants and children. The system consists
of the following pmcipal components: the sensor, a mobile patient bed, an electronics cart
containing SQUID electronics, an external electronics rack for power supplies and data
acquisition hardware, and a computer. The patient bed, sensor, and SQUID electronics rack are
designed to fit inside a magnetically shielded room (MSR).

ADVANTAGES

e Superior spatial resolution and sensitivity

e Significantly more sensitive to neuronal sources than conventional \wkatt MEG
systems

e Similar or better spatial resolution compareexesting wholehead MEG sensors

e Better spatial resolution than EEG. EEG signals are distorted by skull defects (fontanels
and stures), making it difficult localize epileptiform sge
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e Rapid scanning: a typical clinical scan can be completed withiy thirtutes

e Anti-vibration construction; infant motion will not cause vibrational artifacts

e Sensor noise | evel < 10 fT/ &@Hz

e A dense array of closelgpaced sensors located just below the outer surface of a helmet.

e Allows simultaneous measurement of the odalparea, parietal areas, and temporal
areas

e Includes position tracking device and software, permitting measurements during sleep or
relaively quiescent wakefulness

SYSTEM DESCRIPTION

Like adult Magnetoencephalography (MEG) systems, MA GV i e us€¥ superconducting

sensors to non-invasively detect and map magnetic fields generated by cortical neural activity.

However, MAGVi etakBSadvant age of the fact that the infant
Tristan's fabricatiionng nteotihl osd sv epruyt ctlhoes es ethos t he i nf
activity, even though SQUIDs must operate in an ultra-cold liquid helium environment. The net

result is a significant increase in amplitude of neonate MEG signals. Also, the high density of

detectors results in higher spatial resolution compared to adult whole-head MEG.

The MA GV i e sighal detector channels are specified to have a noise level and sensitivity to
magnetic fields of at least 10 fT/l Hz or better on average. Ambient magnetic fields in a typical
hospital environment are generally much greater than this sensitivity, and in many cases, the
system will be operated within a magnetically shielded room to enable measurements with the
full sensitivity capability.

SQUID SENSOR ARRAY

ARRAY ARRANGEMENT WITHIN THE DEWAR
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e 200 to 400 channel sensors within the helmet

e Magnetometer detectors

e Reference channels for ambient noise reduction

e Coil-in-vacuum configuration for superconducting coil array and SQUIDs

e Coil-to-surface gap ~ 6 mm

e Average system white noise < 10lfTHz in magnetically quiet environment

e Helmet designed for whole head coverage, with 50 cm circumference

e Helmet positioned at a height betweer33@ 6 f r om MSR f |l oor
e Subjects measured in a sup position
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