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Motivation - Los Alamos
Magnetic Resonance Imaging (MRI)
« best method for non-invasive imaging of BATTLEFIELD

soft tissue anatomy
e saves countless lives each year

Taking Low-Field to the Field

Conventional (high-field) MRI

 only in large well-funded medical centers

* is not available in rural settings

* is not deployable to emergency situations or
battlefield hospitals

Ultra-low field (ULF) MRI

* pulsed pre-polarization at< 0.3 T

sensitive Superconducting Quantum Interference Device (SQUID) detection
greatly relaxed homogeneity

presence of non-magnetic metal is not an issue

can be light and made portable

National Nuclear Security Administration
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Presentation Notes
Conventional MRI has a strong constant field, B0. After some time, given by T1, you've built up a magnetization of your sample (i.e. some spins have aligned themselves with the external field).
You then need to tip this magnetization into the so called transverse plane to induce precession. 
The spins then precess around B0 at the Larmor frequency and the signal decays with a characteristic time T2.
The spins can be re-phased by applying subsequent tipping pulses to flip them 180 degrees. Echoes are then formed when the spins are fully re-phased.
�ULF-MRI is a pulsed field method and one also has the ability to orient fields in any direction.
In this example one uses the fact that the pre-polarization field can be orthogonal to the measurement field. By switching Bp fast enough (non-adiabatically) the spins stay aligned in the original orientation and by applying an orthogonal Bm field precession is induced. 
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Presentation Notes
However, one can also align Bp and Bm or switch Bp adiabatically so the spins are aligned with Bm after the pre-polarization. In this case one needs to, as in the high-field case, tip the magnetization into the transverse plane to induce precession.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-E-O1.1 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015. Not submitted to IEEE Trans. Appl. Supercondg

Methods—Gradients > Los Alamos

EST.1943
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Presentation Notes
To encode spatial information into the NMR signals to create an image one uses magnetic field gradients. One way is to have the Larmor frequency depend on the spatial position by applying a linear gradient along some dimension.

Another approach is to encode the spatial position in the phase of the NMR signal. One can apply this for two spatial dimensions, and thus have a 3D spatial encoding scheme. The image is then obtained by an inverse 3D Fourier transform. 
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3D Fourier spin-echo imaging sequence.

B,: pre-polarization field
<100 mT, linearly ramped over 70 ms, then
ramped to zero adiabatically during 20 ms.

B,,: measurement field
190-200 uT (8.2-8.6 kHz).

G, (readout): <248 pT/m <11 Hz/mm
G, (phase, in-plane): <222 pT/m <9 Hz/mm
G, (phase, depth):  =47.6 yT/m <2 Hz/mm

Implemented in a custom LabView VI with a
time-slot matrix interface.
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Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA per@lanl. gov ‘ 7



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-E-O1.1 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015. Not submitted to IEEE Trans. Appl. Supercond::

Methods— Unshlelded System "Lo2 Alamos
H ard Ware NATIONAL LABORATORY

EST.1943

.« 3 pairs of square
Helmholtz coils cancel
the Earth’s magnetic field.

e Seven 37 mm 2"9-order
gradiometers, 60 mm
baseline.

Bm_(~20 pT) continuously on; power supply
with a large capacitor.

» Battery-powered current generators for
gradients and spin-flip.

* B, (45-65 mT) was battery-powered and
ramped down through banks of solid-state
switches. :

National Nuclear Security Administration
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Presentation Notes
This is what our unshielded system looks like. The Earth's field is cancelled by three sets of Helmholtz coils.
The cryostat contains a 7-channel array with 2nd-order SQUID gradiometers with 37 mm diameter and 60 mm baseline.
We use a constant measurement field of ~200 uT.
In this system we have so far used battery-powered current generators for gradient and spin-flip.
We have also used batteries to generate the pre-polarization field with the LN2-cooled Bp coil.
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- eferegc? Channel *Los Alamos

EST.1943

Ambient field deviation in the ULF MRI
"1  system location
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* Manual ambient DC field compensation. Time (1)
» A low-frequency dynamic cancellation system is being tested to enable automatic
adjustments.
» Electronic compensation and software compensation have been tested and
compared.

* In both cases it was possible to suppress noise lines from our NMR signals with a
central Larmor frequency of 8.6 kHz.
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Presentation Notes
We have implemented an external reference magnetometer in our unshielded system for noise-cancellation. Ultimately, one would prefer to have the reference channel or channels placed in the same cryostat but further away from the sample.
�On the right is a flux-gate measurement of the ambient magnetic field over 5 days. The field changes are within 0.1 uT or 4 Hz. So far we only have manual compensation of the ambient field, but we are testing an automatic field compensation system. 
Both electronic and software noise-cancellation techniques have been tested.
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Methods—Shielded System * Los AAlamos

EST.1943

Hardware

Wall-powered field generation

2"d-order gradiometers, 90 mm
diameter & baseline

Sensors co-exist with 100 mT BIo
Pb-Bi shields Sy
2nd_feedback Y, phase
Compensation :E

T ‘ Z, phase X, readout

LR RRRRRAY
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Presentation Notes
We also have a parallel effort going on in a shielded room where all fields and gradients are generated by commercial wall-powered amplifiers. 
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Methods— » Los Alamos

EST.1943
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Modeling—Parameters etc.

calculations

)
» Los Alamos

NATIONAL LABORATORY

* Implemented in Matlab
 Bloch equations for NMR

» Biot-Savart and reciprocity used
for field calculations

EST.1943

Tissue name PD (%)| T, (ms) | T, (ms)
To2 | 1 CSF 100 | 4360 329
2 |GREY MATTER 86 635 83
WHITE
3 MATTER 77 360 70
4 FAT 100 350 70
5 MUSCLE 100 120 a7
: 6 | MUSCLE/SKIN 100 120 47
5N o o 7 SKULL 0 0 0
. : 8 VESSELS 0 0 0
Eleven hlgh-refsqlutlon (0.5x0.5x0.5 mm?3) 9 | CONNECTIVE | 77 500 61
volumes descrlbl_ng content of a yoxe_l | 10 | DURAMATER 100 = 2569 329
Montreal Neurological Institute, McGill Ur_uver3|ty BONE
B Aubert-Broche, AC Evans, and DL Collins, 11 MARROW 77 500 70

heLrolmage, 32(1), 138—-45, 2006.
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Presentation Notes
We have done some modeling in Matlab using a digital phantom from the Montreal Neurological Institute at McGill University. It describes the content of each 0.5 mm voxel in terms of 11 different types of tissue. We attributed these tissue types with relaxation parameters and proton densities. Bloch equations are used for the NMR signal calculations and Biot-Savart's law and reciprocity are used to calculate magnetic fields sensed by the gradiometers.
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Modeling—100 mT, 2 fT/\Hz - LosAlamos

EST.1943

2 % s % Imaging parameters:

Bp: 100 mT

Polarization inversion time: 750 ms
Polarization time: 750 ms
Delay time: 10 ms

Encoding time: 35 ms
Acquisition time: 70 ms

N, (phase): 103
N, (phase): 41

Readout gradient, G,: 7.0 Hz/mm
Phase gradient, G,: 7.0 Hz/mm
Phase gradient, G,: 3.0 Hz/mm
Voxel size: 2.0 x 2.0 x 4.8 mm?3

Noise: 1.80 fT/\Hz
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Presentation Notes
Here is an example of what we can expect of our system with its present configuration
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Modeling—250 mT, 1 fT/NHz - Los Alamos
' Imaging parameters:
. ° a B,: 250 mT

Polarization inversion time: 750 ms
Polarization time; 750 ms

Delay time: 10 ms
Encoding time: 35 ms
Acquisition time: 70 ms

N, (phase): 103
N, (phase): 41

Readout gradient, G,: 7.0 Hz/mm
Phase gradient, G,: 7.0 Hz/mm
Phase gradient, G,: 3.0 Hz/mm
Voxel size: 2.0 x 2.0 x 4.8 mm3

Noise: 0.90 fT/\Hz

)
éﬁ Hydrocephalus model

& (50% CSF, 50% tissue)

o 1 1
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Presentation Notes
Here is the corresponding results if one increases Bp and lowers the noise. Shown here are some inclusions we added to the model to simulate a bleeding stroke and hydrocephalus. 


@ IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-E-O1.1 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015. Not submitted to IEEE Trans. Appl.

.- MadelingmsContrast (nygiaion Begovery)

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA per@lanl. gov ‘ 15


Presenter
Presentation Notes
By changing the pulse-sequence one can highlight and suppress different tissue types.
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Results—Unshielded /Lot Alamos

NATIONAL LABORATORY

Unshielded MR-image  Gelatin-agar phantom  Shielded MR-image'
(4 averages; 65 mT) (1 average; 100 mT)

2D imaging sequence: t;=1s,t,,.=100 ms, t,q = 200 ms.
Phase encoding: 57 steps, |G,| . = 1.62 Hz/mm.

Frequency encoding (readout), G,: 1.63 Hz/mm. Gelatin-agar mixtures: |
T, ~ 120 ms for the surrounding

Resolution: ~3x3 mm2. T, ~ 300 ms for inclusions

Spin-flip pulses: hard, 4 ms.

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA
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Presentation Notes
These images have been adjusted for a constant gradient that skewed the images, hence the tilted frequency lines.
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Results—Inside MSR > Los Alamos

EST.1943

4 s polarization (67 min.; 5 slices total) Simulation

Phase dir., mm

-100 0 100 -100 0 100
Readout dir., mm

15 mm slices
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lts—Inside MSR - Los Alamos
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Results—Inside MSR, contrast > Los Alamos
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Presentation Notes
By using different inversion times one can highlight/suppress different regions with different relaxation times.
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Outlook—Shorter TE (Imaging
Sooner)

» Los Alamos
NATIONAL LABORATORY
EST.1943
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Presentation Notes
On the left are current wave-forms from the system where a faster sequence has been implemented. The echo now forms at 59 ms.
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Outlook—Shorter TE > Los Alamos

EST.1943

(simulations)

100 ms

0.1 0.05 0 0.05 -0.1 0.05 0 0.05
Readout dim., m Readout dim., m

« Signal from more tissues
« Signal in subsequent echoes
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Presentation Notes
By imaging sooner after the pre-polarization one gets signal from more types of tissue, and one also has the possibility of using more echoes.
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Outlook—New 250 mT B, Coil - LosMlamos

EST.1943

0.35

Field @ head center: ~250 mT
Field @ head edge: ~180 mT
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Presentation Notes
A new coil is being implemented.
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Outlook—High B, Issues » Los Alamos
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Presentation Notes
A problem with increasing Bp is that the 1/f noise in the gradiometer increases as well. This is a problem when working at low frequencies. One way to avoid the increase in 1/f noise is to operate at higher frequencies above the 1/f corner.
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Presentation Notes
One potential solution to expel the flux in the gradiometer wire was presented in poster 2A-E-P-02.01. The upper graphs and the lower images illustrate the effect of heating the Ta-wire. The echo positions for the images are indicated by the dashed rectangle. When the a current is applied to the heater wire most of the trapped flux is expelled. With optimized thermal coupling between the gradiometer wire and the heater wire one would expect complete elimination of trapped flux.
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Los Al
Summary SROsamo?

The shielded system works robustly with filtered
amplifiers for all fields and gradients

We need to Increase BIO but not iIncrease noise
Improve duty-cycle to decrease imaging time

Unshielded imaging with static Earth’s field
compensation and reference channel de-noising
demonstrated

Promising preliminary results from heating of Ta-
gradiometers obtained

ALK
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A NEW MRI REGIME
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Presentation Notes
ULF-MRI book: https://global.oup.com/academic/product/ultra-low-field-nuclear-magnetic-resonance-9780199796434
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