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Presenter
Presentation Notes
In the nuclear magnetic resonance (NMR) phenomenon, the presence of the static magnetic field B0 splits the energies of different proton nuclear spin states. The transition between the two levels is realized by applying an rf pulse with angular frequency of ω0 called Larmor frequency. The magnetization M of an ensemble of protons scales as B0 strength in thermal equilibrium. In the high field NMR, normally the magnetization lies along the B0 direction in its equilibrium state. An application of 90 degree RF pulse at ω0 tilts M into the horizontal plane and then the precession of the sample nuclei, namely the NMR signal, can be detected.
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Relaxation Processes in NMR

• Longitudinal (spin-lattice) relaxation time T1

 Time for polarization to return to equilibrium 
along the magnetic field direction

• Transverse (spin-spin) relaxation time T2 

 Time for precessing spins to dephase

• T1 and T2 depend strongly on magnetic field
 NMR Dispersion (NMRD)

Microscopic interactions, motional processes…
 The challenge of measuring T1 and T2 below 10 kHz 

Presenter
Presentation Notes
There are two major relaxation processes in NMR, the longitudinal relaxation and the transverse relaxation, which are characterized by the two time constants, T1 and T2, respectively. Both relaxation times depend strongly on B0 field strength. By performing relaxation time measurements at varying B0 field strengths, which gives the NMR dispersion (NMRD) profiles, it’s possible to study the microscopic interaction or motional processes at or around the Larmor frequency. Unfortunately, to measure the very low frequency components, say below 10 kHz, most conventional NMR systems fail.



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), No. 41, July 2017.
This invited oral presentation Tu-I-SQU-01 was given at ISEC 2017.

T1ρ Technique

ωSL = γBSL

T1ρ time: spin-lattice relaxation time in the rotating frame

𝑴𝑴 𝒕𝒕𝑺𝑺𝑺𝑺 = 𝑴𝑴 𝟎𝟎 𝒆𝒆−𝒕𝒕𝑺𝑺𝑺𝑺/𝑻𝑻𝟏𝟏𝝆𝝆
5

Revised for SNF publication

Presenter
Presentation Notes
People then developed the T1ρ technique to measure the very-low-field relaxation dispersion. In the T1ρ relaxation, the initial 90 degree pulse is applied along X direction and flips the magnetization into the transverse plane. Subsequently, an external rf pulse at Larmor frequency, which is called spin-locking field, is applied with a duration of tSL and a field strength of BSL << B0. The spins are considered stationary relative to this external rf field in the rotating frame. In the presence of the spin-locking field, spins undergo with a slower relaxation rate than the normal spin-spin relaxation rate because of the locking. A final hard pulse is applied along –x to return the T1ρ relaxed transverse magnetization to the longitudinal axis. The spin-lock frequency ωSL is determined by the product of gyromagnetic ratio γ and BSL. T1ρ can be derived by changing tSL. In this technique, the magnetization undergoes relaxation in the presence of the spin-locking field in the rotating frame, a situation similar to the T1 relaxation around the B0 field in the laboratory frame. 
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T1ρ Technique (cont.)

•Applications: 
 Estimation of stroke onset time
 Progression of Alzheimer’s and Parkinson’s 

diseases
 Collagen-rich tissues such as cartilage

• Challenge:
 Specific Absorption Rate (SAR) limit

SAR scales as B0
2·BSL

2:  at B0 = 3 T, maximal SL 
field is ~12 μT.

6

T1ρ enables the measurement of low frequency processes at any currently 
available clinical B0 field strengths (SL frequency: 100 Hz to a few kHz)

Revised for SNF publication

Presenter
Presentation Notes
With the BSL field amplitude down to a few μT, T1ρ enables the measurement of low frequency processes at any currently available clinical MRI field strengths. It has been applied to estimate the stroke onset time as well as monitor the progression of Alzheimer’s and Parkinson’s diseases. It is also used in the imaging of collagen-rich tissues like cartilage. However, the growing interest in T1ρ faces the challenge of specific absorption rate, because the long rf spin-lock pulse may result in the significant increase of the sample temperature. Because SAR is dependent on both B02 and BSL2, it greatly limits T1ρ to the use in clinical applications. For example, in the 3 T clinical MRI, the maximal spin lock field strength is only 12 μT.
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Motivation

NOTE THAT:
The B0 field in the laboratory frame at ULF is 
comparable to the BSL field in the rotating frame

To compare ULF T1 and conventional T1ρ and 
study their relation.
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ULF MRI System at Berkeley

 Bp ≈ 80 mT
 B0 ≈ 58 ~ 240 µT → fLarmor ≈ 2.5 ~ 10 kHz
 Low-Tc Superconducting Quantum Interference Device

Presenter
Presentation Notes
This slide shows the schematic diagram of ULF MRI system at Berkeley. We have different coil pairs to generate the pulsed prepolarization field Bp, the 3D gradient fields for MRI, the excitation pulse B1 and the static field B0. In the experiments, we applied a Bp field of 80 mT at the sample position and varied the B0 field between 58 and 240 μT. It corresponds to the signal frequencies between 2.5 kHz and 10 kHz.
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Single Spin Echo (SSE) Sequence 
for ULF T1 Measurement

Varying t T → T1ev1

90°
180°

Presenter
Presentation Notes
We uses the single spin echo sequence to measure ULF T1. After the prepolarization pulse and the 90 degree pulse, the 180 degree pulse is applied to induce the spin echo which is recorded as signal. By varying the delay time tevT1 between the prepolarization pulse and the 90 deg pulse, we may derive T1.
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Carr-Purcell-Meiboom-Gill (CPMG) 
Pulse Sequence for T2 Measurement

Larmor
frequency

Presenter
Presentation Notes
T2 is simply measured by the standard CPMG sequence in which a series of 180 deg pulses are applied. The tops of excited spin echoes decay exponentially and give us T2 value.
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Pig Brain White & Gray Matter:
T1ρ @7 T vs. T1 @ULF

 Field dependence of T1 and T1ρ

 Different dominant relaxation mechanisms
Dong et al. Magn. Reson. Med. (2017) DOI: 10.1002/mrm.26621
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The “Elbow”

Origin of the “elbow”: 
When B0 is reduced below ~ 150 μT, the minimum field is 
determined by the local dipolar field produced by 
macromolecules.

Dong et al. Magn. Reson. Med. (2017) DOI: 10.1002/mrm.26621

Presenter
Presentation Notes
If we take a close look at the ULF T1 of the pig brain tissues, interestingly, we find T1 dispersion shows an elbow at round 150 μT for both GM and WM. The origin of the elbow is that the effective magnetic field the water molecules sensed cannot be lower than the local dipolar field produced by macromolecules in the tissues.
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Heating Effect of T1ρ

Before and after T1ρ scan Unheated and 45 oC heating

Spin lock  Temperature increase  Protein conformation change

Elbow No elbow Elbow No elbow

The elbow disappears after T1ρ scan because of heating effect! 
Dong et al. Magn. Reson. Med. (2017) DOI: 10.1002/mrm.26621
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Conclusions & Outlook
 T1ρ and ULF T1 have different dominant relaxation mechanisms

 The “elbow” reflects the average local dipolar field

 More efforts required for theoretical explanation

 Stroke and traumatic brain injury (TBI) study

Many thanks for your attention!
Support:
Donaldson Foundation
Henry H. Wheeler Jr. Brain Imaging Center, UC Berkeley
Chinese Academy of Sciences
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In the nuclear magnetic resonance (NMR) phenomenon, the presence of the static magnetic field B0 splits the energies of different proton nuclear spin states. The transition between the two levels is realized by applying an rf pulse with angular frequency of ω0 called Larmor frequency. The magnetization M of an ensemble of protons scales as B0 strength in thermal equilibrium. In the high field NMR, normally the magnetization lies along the B0 direction in its equilibrium state. An application of 90 degree RF pulse at ω0 tilts M into the horizontal plane and then the precession of the sample nuclei, namely the NMR signal, can be detected.
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Relaxation Processes in NMR

 Longitudinal (spin-lattice) relaxation time T1

 Time for polarization to return to equilibrium 

along the magnetic field direction

 Transverse (spin-spin) relaxation time T2 

 Time for precessing spins to dephase 

T1 and T2 depend strongly on magnetic field

 NMR Dispersion (NMRD)

      Microscopic interactions, motional processes…

 The challenge of measuring T1 and T2 below 10 kHz 
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There are two major relaxation processes in NMR, the longitudinal relaxation and the transverse relaxation, which are characterized by the two time constants, T1 and T2, respectively. Both relaxation times depend strongly on B0 field strength. By performing relaxation time measurements at varying B0 field strengths, which gives the NMR dispersion (NMRD) profiles, it’s possible to study the microscopic interaction or motional processes at or around the Larmor frequency. Unfortunately, to measure the very low frequency components, say below 10 kHz, most conventional NMR systems fail.
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T1ρ Technique



ωSL = γBSL





T1ρ time: spin-lattice relaxation time in the rotating frame
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People then developed the T1ρ technique to measure the very-low-field relaxation dispersion. In the T1ρ relaxation, the initial 90 degree pulse is applied along X direction and flips the magnetization into the transverse plane. Subsequently, an external rf pulse at Larmor frequency, which is called spin-locking field, is applied with a duration of tSL and a field strength of BSL << B0. The spins are considered stationary relative to this external rf field in the rotating frame. In the presence of the spin-locking field, spins undergo with a slower relaxation rate than the normal spin-spin relaxation rate because of the locking. A final hard pulse is applied along –x to return the T1ρ relaxed transverse magnetization to the longitudinal axis. The spin-lock frequency ωSL is determined by the product of gyromagnetic ratio γ and BSL. T1ρ can be derived by changing tSL. In this technique, the magnetization undergoes relaxation in the presence of the spin-locking field in the rotating frame, a situation similar to the T1 relaxation around the B0 field in the laboratory frame. 
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T1ρ Technique (cont.)

Applications: 

Estimation of stroke onset time

Progression of Alzheimer’s and Parkinson’s diseases

Collagen-rich tissues such as cartilage

 Challenge:

 Specific Absorption Rate (SAR) limit

     SAR scales as B02·BSL2:  at B0 = 3 T, maximal SL  

     field is ~12 μT.

6

T1ρ enables the measurement of low frequency processes at any currently available clinical B0 field strengths (SL frequency: 100 Hz to a few kHz)

Revised for SNF publication
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With the BSL field amplitude down to a few μT, T1ρ enables the measurement of low frequency processes at any currently available clinical MRI field strengths. It has been applied to estimate the stroke onset time as well as monitor the progression of Alzheimer’s and Parkinson’s diseases. It is also used in the imaging of collagen-rich tissues like cartilage. However, the growing interest in T1ρ faces the challenge of specific absorption rate, because the long rf spin-lock pulse may result in the significant increase of the sample temperature. Because SAR is dependent on both B02 and BSL2, it greatly limits T1ρ to the use in clinical applications. For example, in the 3 T clinical MRI, the maximal spin lock field strength is only 12 μT.
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Motivation

NOTE THAT:

The B0 field in the laboratory frame at ULF is comparable to the BSL field in the rotating frame

To compare ULF T1 and conventional T1ρ and study their relation.
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ULF MRI System at Berkeley



 Bp ≈ 80 mT

 B0 ≈ 58 ~ 240 mT → fLarmor ≈ 2.5 ~ 10 kHz

 Low-Tc Superconducting Quantum Interference Device
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This slide shows the schematic diagram of ULF MRI system at Berkeley. We have different coil pairs to generate the pulsed prepolarization field Bp, the 3D gradient fields for MRI, the excitation pulse B1 and the static field B0. In the experiments, we applied a Bp field of 80 mT at the sample position and varied the B0 field between 58 and 240 μT. It corresponds to the signal frequencies between 2.5 kHz and 10 kHz.
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Single Spin Echo (SSE) Sequence 
for ULF T1 Measurement

Varying t T → T1

ev

1



90°

180°
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We uses the single spin echo sequence to measure ULF T1. After the prepolarization pulse and the 90 degree pulse, the 180 degree pulse is applied to induce the spin echo which is recorded as signal. By varying the delay time tevT1 between the prepolarization pulse and the 90 deg pulse, we may derive T1.
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Carr-Purcell-Meiboom-Gill (CPMG) 

Pulse Sequence for T2 Measurement

Larmor

frequency
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T2 is simply measured by the standard CPMG sequence in which a series of 180 deg pulses are applied. The tops of excited spin echoes decay exponentially and give us T2 value.
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 Background

 ULF T1 vs. High Field T1ρ of Ex Vivo Pig Brains

 ULF T1 vs. High Field T1ρ of Protein Models  

 Conclusions and Outlook

Outline
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Pig Brain White & Gray Matter:
T1ρ @7 T vs. T1 @ULF



 Field dependence of T1 and T1ρ

 Different dominant relaxation mechanisms

Dong et al. Magn. Reson. Med. (2017) DOI: 10.1002/mrm.26621
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The “Elbow”

Origin of the “elbow”: 

When B0 is reduced below ~ 150 μT, the minimum field is determined by the local dipolar field produced by macromolecules.

Dong et al. Magn. Reson. Med. (2017) DOI: 10.1002/mrm.26621
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If we take a close look at the ULF T1 of the pig brain tissues, interestingly, we find T1 dispersion shows an elbow at round 150 μT for both GM and WM. The origin of the elbow is that the effective magnetic field the water molecules sensed cannot be lower than the local dipolar field produced by macromolecules in the tissues.
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Heating Effect of T1ρ







Before and after T1ρ scan

Unheated and 45 oC heating

Spin lock  Temperature increase  Protein conformation change

Elbow

No elbow

Elbow

No elbow

The elbow disappears after T1ρ scan because of heating effect! 

Dong et al. Magn. Reson. Med. (2017) DOI: 10.1002/mrm.26621
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Conclusions & Outlook

 T1ρ and ULF T1 have different dominant relaxation mechanisms

 The “elbow” reflects the average local dipolar field

 More efforts required for theoretical explanation

 Stroke and traumatic brain injury (TBI) study

 Many thanks for your attention!

Support:
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