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Abstract

Purpose—The purpose of this study is to develop and evaluate a custom-designed 7T magnetic
resonance imaging (MRI) coil and explore its use for upper extremity applications.

Methods—An RF system composed of a transverse electromagnetic transmit (TEM) coil and an
8-channel receive-only array was developed for 7T upper extremity applications. The RF system
was characterized and evaluated using scattering parameters and B1* mapping. Finite difference
time domain (FDTD) simulations were performed to evaluate the B;* field distribution and
specific absorption rate (SAR) for the forearm region of the upper extremity. High Resolution 7T
images were acquired and compared to 3T.

Results—The simulation and experimental results show very good B1* field homogeneity across
the forearm. High resolution images of musculo-tendinous, osseo-cartilagenous and neuro-
vascular structures in the upper extremity are presented with T1-volumetric interpolate breath-hold
exam (VIBE), T2-double-echo steady state (DESS), T2*-susceptibility weighted imaging (SWI),
Diffusion tensor Imaging (DTI), and Time-of-flight (TOF) sequences. Comparison between 3T
and 7T is shown. Intricate contextual anatomy can be delineated in synovial, fibrocartilagenous,
interosseus and intraosseus trabecular structures of the forearm as well as palmar and digital
vascular anatomy (including microvascular detail in SWI).

Conclusion—UHF 7T imaging holds great potential in improving the sensitivity and specificity
of upper extremity imaging especially in wrist, hand pathology secondary to bone, ligament,
nerve, vascular, and other soft or hard tissue etiology.

Graphical abstract
An RF system composed of a transverse electromagnetic transmit (TEM) coil and an 8-channel

receive-only array was developed for 7T upper extremity applications. Ultra high-resolution
images of musculo-tendinous, osseo-cartilagenous and neuro-vascular structures in the upper

* Address correspondence to: Tamer S. Ibrahim, PhD, Associate Professor, Departments of Bioengineering and Radiology, and
Magnetic Resonance Research Center, University of Pittsburgh, Pittsburgh, PA 15213, Phone: +1 412-383-6946; Fax: +1
412-647-9800, tibrahim@pitt.edu.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Raval et al. Page 2

extremity are presented with T1-VIBE, T1-GRE, T2-DESS, T2-SWI, DTI, DSI and TOF
sequences. UHF 7T imaging holds great potential in improving the sensitivity and specificity of
upper extremity imaging especially in areas related to wrist, hand pathology secondary to bone,
ligament, nerve, vascular, and other soft or hard tissue etiology.

Keywords

Upper extremity ultra-high field (7T) Imaging; 3T; RF Coil; FDTD; SAR; Diffusion (Nerve)
imaging; Musculoskeletal; and non-contrast enhanced angiography

Introduction

MRI is a favored imaging modality for soft tissue imaging (with or without contrast) for a
wide range of upper extremity pathologies including diagnosis and monitoring of several
medical conditions. These include acute trauma and sports-related injuries, occult fractures,
peripheral neuropathy (1), sporadic inclusion body myositis (2), inflammatory (muscle)
myopathies (3), nerve entrapment syndromes (4), soft tissue dystrophic lesions and avascular
necrosis (5), cartilage (6), tendon, and joint conditions (edema, synovitis, dactilytis, and
enthesis) (7). Most upper extremity MR procedures are currently performed at field
strengths of 1.5T and/or 3T. Compared to Food and Drug Administration (8) approved
clinical systems (1.5T and 3T), 7T imaging can enhance some of the upper extremity
clinical applications. These include i) sequential monitoring of regeneration after peripheral
nerve (PN) repair (9, 10) which is critical for evaluation of re-innervation and in planning
treatment strategies, and ii) monitoring outcomes after vascular interventions (11) without
the need for contrast agents.

Currently, MR imaging at ultra-high fields (UHF =7T) remains an investigational modality.
Higher field strengths could theoretically augment resolution but the primary challenges of
UHF imaging include similar, but much more intensified, problems encountered at 3T.
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These include in-homogeneities in the B4* field (circularly polarized component of
transverse magnetic field that excites the spins) distribution, elevated radiofrequency (RF)
power deposition affecting local and global specific absorption rate (SAR), and chemical
shift and other tissue contrast issues. All these aspects affect image quality and require
specific improvements to UHF hardware design and imaging protocols (12-16).
Optimization of UHF upper extremity technology and pulse sequences can improve the role
and relevance of 7T MRI in imaging of soft tissue (muscle, vessel, nerve, cartilage, ligament
and tendon), bone (trabecular and bone marrow characteristics) anatomy, and contextual
structures (17). Much prior and ongoing clinical focus in UHF imaging has been in brain
applications as opposed to human torso and extremities (except for the knee (18-20)).

In this work, we describe the design for an upper extremity RF system composed of a
transverse electromagnetic (TEM) resonator transmit coil in conjunction with eight-channels
receive-only insert array. We comprehensively evaluate the performance of the proposed RF
coil system with experimentally measured and numerically calculated B;* maps as well as
SAR. We investigate a wide variety of imaging sequences including: T1 VIBE (T1 weighted
volumetric interpolate breath-hold exam), T2 DESS (T2 weighted double-echo steady state),
T2* SWI (susceptibility weighted imaging), TOF (time-of-flight) and DTI (diffusion tensor
imaging) on a 7T human MRI scanner. We also compare images obtained at 7T (using the
designed RF coil system) and at 3T (using a commercially available eight-channel extremity
coil).

Materials and Methods

The transmit-only and receive-only approach offers the following distinct advantages:

1 The TEM coil design acts as a multi-conductor transmit coil. With a distributive
type of capacitance, it is easier to separate the resonant modes and adjust the B;*
field distribution for better homogeneity over the region of interest (21, 22).

2. The high-density eight channel receive-only array can provide excellent signal-
to-noise ratio (SNR), and contrast-to-noise ratio (CNR). In addition, the receive
coil can be tuned and matched such that it can be used for forearm, elbow, wrist
and finger imaging.

Transmit Coil Design

Given the low filling factor of arm/hand, a shielded design of actively detuned TEM
resonator (22, 23) was adapted using 8 struts arranged along a concentric circle as shown in
Figs. 1A and 1B. The inner and outer struts were separated by a dielectric sleeve (Teflon
filling) as shown by arrow in Figs. 1A and 1B. In association with a conductive cylinder, this
created a transmission line mechanism with the struts as inner conductors and the cavity wall
as the outer conductor (inner/outer diameter of the cavity = 7.5/10.0 inch). The inner struts
were electrically connected to the front and back end shield plates while the outer struts
were electrically isolated by a small gap (0.5 inch) from end shield plates. The coil (Fig. 1C)
was tuned by pulling/pushing the inner struts in and out of the cavity resonator. This
movement ultimately changes the capacitance between inner and outer struts and therefore
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tunes the coil's mode of interest to 297.2 MHz. The system utilized an in-house made quad-
hybrid for producing quadrature excitation. Other design parameters are shown in Table 1.

Transmit Active Decoupling method

As previously described (24, 25), the TEM elements were detuned by forward biasing with
100mA at 10V (as they are shunted to the outer conductor). During transmit mode, the coil
functioned by reverse biasing PIN diodes (MA4P7446F-1091T, MA-COM, MA) with 30V.
The selection of PIN diode was based on stray capacitance, switching speed, and heat
capacity (25W power dissipation). 5.8uH RF chokes (J. W. Miller, CA, and Vishay, CT)
were used to block the RF signal in the DC path whereas 5000pF American Technical
Ceramics (ATC) capacitors were used for blocking DC in the RF path in order to control the
long recovery time of low noise preamplifiers after input overload.

Receive Coil Design

In order to improve SNR over ROI (forearm and hand), eight inductively decoupled (26)
surface loops (18 x 7 cm?) were distributed evenly on an acrylic former (McMaster Carr,
Elmhurst, IL). A 5-mm wide copper foil with evenly distributed circumferential capacitors
(ATC, Huntington Station, N, USA,; and Passive plus, Huntington, NY, USA) was utilized
to achieve tuning at 297.2 MHz (Figs. 1D, 1E). Fig. 1D depicts the circuit diagram of three
out of eight loops showing the overlapping geometry (yellow arrow), active (dotted
rectangular marking) and passive (two black arrow) decouplers, balun and arrangement of
the preamplifiers. Fig. 1E shows the eight-channel receive array configuration.

Receive Decoupling Method

Neighboring elements were decoupled using overlapping (yellow arrow in Fig. 1D) distance
to minimize mutual inductance. The sole use of this technique however restricts the
geometrical layout of the array and is ineffective in minimizing coupling on the next nearest
neighboring array. Therefore, inductive decoupling (as shown in Figs. 1D (green arrow) and
1E) and low impedance pre-amplifier decoupling through the use of ‘tank circuit’ (26) were
implemented to reduce coupling caused by non-adjacent loops. In addition to passive
decoupling circuit, each loop contains an active decoupling circuit (as shown with black
arrow in Fig. 1D) which turns ON (during transmit operation) using DC bias voltage from
MR system. This functionality is important for the combined transmit-receive system since
the transmit coil's emitted electromagnetic waves could create significant voltage on the
receive loops damaging the receive preamplifiers (if active decouplers do not properly
function).

FDTD Modeling

Growing demand for UHF technologies necessitates the use (in terms of design as well as
evaluation) of full wave rather than low-frequency, lumped-circuit approaches. As the
operational wavelength becomes closer to the RF coil dimensions and electrical size of load,
full wave analysis becomes essential in predicting the electromagnetic interactions between
the tissues and RF coil (27). In this work, the TEM volume resonator and the anatomically
detailed human hand model were modeled as a single system (Figs. 2A and 2B show 3D
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view of the coil struts and side view of the human arm model, respectively) using finite
difference time domain (FDTD) method. Our in-house FDTD package involved the
modeling of the excitation sources using a transmission line model which allows for
accurate calculations of the coupling and the input impedance (14, 28). MATLAB was used
to create the grid of the resonator geometry. A 3D computational grid composed of
188x188x%270 Yee cells (29) with spatial resolution of 1.58mm (dx=dy=dz) and temporal
resolution of 3 x 10(-12) sec (used to meet the Courants stability criteria (30)) was developed.
The computational domain was surrounded by 32 perfectly matched layers (PML) placed on
the top and bottom of the coil model and 12 PMLs surrounding the coil model (as shown in
Fig. 2C) in order to absorb electromagnetic waves radiated by the coil (31, 32). The original
1mm Duke male model (33) (age: 34, height: 1.74 m, weight: 70 kg, body mass index (bmi):
23.1 kg/m?) was rescaled to a resolution of 1.58x1.58x1.58 mm3,

RF Power and Specific Absorption Rate (SAR)

At UHF frequency, the most important safety concern is the local absolute temperature
maintained over a prolonged time (thermal dose). The supplied RF power to the coil can be
approximately calculated as the sum of the radiated (escaping the coil without getting
absorbed in tissue), the absorbed power (in tissue), power lost through coupling and the
power dissipated in the coil and RF shield (34). Since tissue dissipation and RF heating
concerns are associated with the power absorbed in tissue, we investigated the power
absorbed in the human model. The total power absorbed is scaled to obtain a mean (in ROI)
and continuous B4* field intensity of 1.957 uT, which is the field strength required to
produce a flip angle of rt/2 with a 3-ms rectangular RF pulse. The linearity of Maxwell's
equation helps in calculating the absorbed power as Feed Voltage o E o H; and therefore,
the absorbed Power o« E2 o B;*2 where E and H are the electric and magnetic field
intensities, and o indicates linear dependence. Therefore the absorbed power in a tissue of a
given density from transmit RF coil is described as SAR. In FDTD, the SAR is calculated
utilizing our in-house FDTD package as:

2 2 2
C1%60,3.0% xd@ .0 T E a0 T E .0
2 PG, ,k)

SARG 1.k

Where pyj j k) s tissue mass density (unit: kg/m?3), and o(i,j k) is tissue conductivity (unit:
S/m) at the (i, j, K) location. Ex, Ey, and Ez (V/m) are the magnitudes of the electric field
components in the X, y, and z directions, respectively. By summing the SAR from all tissues,
an indication of the total power deposition can be obtained. SAR is presented in the unit
W/kg per 10 gm of tissue by continuously averaging finite number of FDTD cells which
results in approximately achieving an averaged SAR value over any 10 gm of tissue.

Experimental Imaging Protocols

All the workbench measurements were performed using a calibrated vector network
analyzer (Agilent E5062A ENA series, CA, USA) together with a multi-port S parameter
test set (87050EA, Agilent, CA, USA). All MR experiments were performed on 3T and 7T
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whole body human scanners (Siemens Healthcare, Erlangen, Germany). All imaging
experiments were collected on three healthy volunteers recruited under the approval of a
University of Pittsburgh Institutional Review Board (IRB). All the pulse sequences
parameters are listed in Table 2. Noise correlation measurements were acquired by setting
RF amplitude to 0 V with TR = 2000, TE = 0.15, Number of acquisition = 1, Acquisition
duration= 204 ms, Vector size =2048, bandwidth = 10 KHz. Accelerated images were
acquired for AF =0, 1, 2 and 4 for TIW VIBE sequence.

SNR was measured and listed in the Results section. At 7T, the above described RF coil
system was used; at 3T, a dedicated eight-channel knee coil (Siemens, Erlangen, Germany)
was used. Within both systems, the coils were positioned in the center of the magnet bore
during the scan. The subjects are placed in a prone position with pillow for additional
comfort.

Coil Evaluation

Transmit Coil

i Bench Measurements: The S-parameters were measured and shown in Fig. 3.
The measured reflection coefficients (S11, S22) were greater than or equal to -23
dB under loaded (forearm) condition and -20dB for muscle phantom with
conductivity of 0.8 S/m and relative permittivity of 79 (measured with DAK
SPEAEG system Zurich). Fig. 3A shows excellent agreement between the FDTD
calculated scattering parameters (S11, S22 and S12) and that measured utilizing
the network analyzer. The transmission coefficient (Isolation, S12) was < -18 dB
(<3%) as shown in Fig. 3A. The Q factor unloaded to loaded ratio of the TEM
volume resonator was 240/90.

ii. Bench Measurements: The tuning and matching of the transmit coil were
minimally affected by the receive loops after turning on the active decoupling
(see Fig. 3B for Ports 1 and 2).

iii.  Imaging Measurements: Measured B,* maps demonstrate very good agreement
with the simulated B4 * field distribution as shown in Fig. 4. The B1* field
coverage and homogeneity are excellent except near the drive ports (towards
wrist). Homogenous T2W DESS images shown in axial, coronal and sagittal
planes covering the whole volume of the forearm are demonstrated in Fig. 5.

iv. Simulations: The FDA (35) and International European Commission (IEC) (36)
have formulated safety limits based on SAR. In the extremities, the IEC
60601-2-33 states that MRI systems must limit locally deposited RF power to
under 20 W/kg/10g under combined mode of tissue without cranial exposure
(36). For 3ms square RF pulse, a B1* field intensity of 1.97uT is required to
generate 90° excitation. Based on a continuous 1.97uT (averaged over the
volume of the arm inside the TEM coil), the average SAR is 2.02 W/Kg and peak
SAR is 8.98 W/Kg/10g. As expected with smaller (when compared to the human
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head at 7T) electrical size loads, the simulated SAR (Fig. 4) shows higher SAR
intensities near the periphery (37).

Receive Array

i Bench measurements: All eight receive channels had a minimum reflection
coefficient of -15dB (as shown in Figs. 6A and 6B for Rx Channels 2 and 4) and
transmission coefficient (between adjacent neighbors and next to adjacent
neighbors) <-13 dB (< 5 %, as shown in Fig. 6C). These isolation measurements
were carried out inside the resonator while decoupling the transmit coil using
active DC bias.

ii. Bench measurements: Active decoupling was measured to be < -18 dB using a
decoupled flux probe and switching the power supply mode (E530712, Hewlett-
Packard (HP) universal power source, USA). Also, active detuning circuit was
turned ON using DC bias and measured on network analyzer as shown in Fig. 6D
(Rx Channel 4 with DC ON).

iii.  Imaging Measurements: Fig. 7A shows typical noise correlation matrix for
receive only array acquired using the 7T system. The average off-diagonal
correlation is -20.5dB and only higher coupling (-9.7dB) was found between
opposite elements 3 and 6.

iv. Imaging Measurements: Fig. 7B shows measured SNR for five slices throughout
the forearm for each acceleration factor (AF =0, 1, 2, and 4). The average SNR
(mean of five slices) falls down to one third for AF = 4 (SNR = 23) compared to
AF =0 (SNR = 66) where SNR for AF = 1 and AF = 2 were 56 and 41
respectively. For AF =0, 1, and 2, the quality goes from excellent to good (based
on clear delineation of various anatomical structure) but it becomes substantially
blurry for AF = 4 as shown in Fig. 7C.

In-vivo imaging

Fig. 8 shows comparison of 3T vs 7T for three sequences (T1 VIBE, T2 DESS and T2*
SWI). 3T and 7T protocols were optimized for same scanning time comparing i) higher
resolution 3T vs 7T Protocol (the protocol was optimized for best 7T quality/resolution and
the same scans were acquired for 3T) ii) lower resolution 3T vs 7T protocol (the protocol
was optimized for best 3T quality/resolution and the same scans were acquired at 7T).

T1 VIBE—Figs. 9A1-5 demonstrate high resolution T1 VIBE images identifying various
anatomical structures as follows:

Al: forearm (vessel wall delineation [arrow], brachial artery and its branches;
AZ2: micro-vasculature; radial and median nerves and its branches;
AZ3: forearm superficial radial nerve;

A4: supracondylar joint anatomy with osseocartilagenous detail; and
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A5: median and radial nerves (arrows) and arterial sections (radial artery) with vessel wall
delineation.

T2 DESS—High resolution T2 3D gradient echo imaging is carried out by DESS sequence.
Figs. 9B1 and 9B2 show excellent high intensity signal separating nerves (B1) and exquisite
contrast for viewing cartilage and synovial fluid (B2) with excellent cartilage delineation
and joint structures.

T2* SWI (typically not used in upper extremity imaging)—~Fig. 9C shows improved
contrast that is complementary to conventional spin-density, T1, and T2 imaging methods
(38). Fig. 9C1 shows T1 VIBE image displaying axial section with vascular branching
detail. Fig. 9C2 shows the corresponding SWI image with marked enhancement of vascular
patterns of brachial and radial arteries, and muscular perforators.

DTI—Figs. 9D1 and 9D2 represent T1 VIBE (D1) and FA color coded map (D2) slices in
forearm identifying radial (RN) and median nerve (MN) locations [yellow circles]. Fig. 9D3
shows 3D view of both corresponding nerves [stretched yellow arrows]. Also, Fig. 9D4
shows the fiber tractrography for median and radial nerve after post-processing using DSI
studio (39).

MRI (Non-contrast) Angiography—Fig.10 shows not only first and second order
arteries (superficial palmar and deep palmar arch) but also smaller proper palmar digital
arteries in fingers and its pulps. Fig. 10A1 depicts cross-sectional transmetacarpal view
highlighting intrinsic muscles, flexor and extensor tendon apparatus with synovial sheaths as
well as ligamentous structures, and intermetacarpal vasculature. Fig. 10A2 shows minimum
intensity projection and Fig. 10A3 shows 3D texture reconstruction of the hand. Fig. 10B1
also shows excellent depiction of all proper palmer digital arteries, digital tendons and
synovial sheaths on transverse view in the fingers towards the palm. Fig. 10B2 shows
transverse slice close to the finger tips showing capillaries branching out. Fig. 10B3
demonstrates capillaries in the finger pulp utilizing volume rendering and minimum
intensity projection.

Discussion and Conclusion

RF Coil

This is the first successful demonstration of a homogeneous volume resonator in conjunction
with an eight channel receive only array for targeted field of view UHF upper extremity
imaging. This RF coil system was optimized for the human forearm but can be utilized to
image the hand, wrist, arm or even elbow as there is no significant change in tuning
properties. With a small filling factor, the use of combined transmit and receive coil is ideal
to detect the incoming signal with nearly homogeneous excitation (40-43). Furthermore, the
transmit coil's Bq* field homogeneity can be further improved with more elements. It is also
noted that there are other designs such as a smaller loop (44) or birdcage coil (45) that can
be used in transmit-receive design for specific applications like the wrist or joint.
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Since the receive array does not significantly affect the distribution or intensity of the B;*
field (46), it could be replaced with higher density designs with acceptable decoupling/
isolations (12-16 channels given satisfactory isolation between receive elements as shown in
32-channel head arrays (47)). Additional channels would further improve the SNR of RF
coil system. In addition to overlapping geometry and inductive decoupling, preamp
decoupling is also extremely important to achieve desired operation. This is necessary
because ionic currents in the tissues can induce electromagnetic force in the Rx array which
can cause correlated noise in the coil and reduction in SNR values (26, 48).

The Tx coil and Rx-only insert sizes were chosen to accommodate for anthropometric
parameters consistent with bigger forearms. That helps the coil to be positioned comfortably
anywhere from the arm (shoulder) to the hand (including digits). The coil placement allows
the patient to lay comfortably on a padded MRI table in prone (superman or statue of
liberty) position with arm or forearm in extension for the duration of the study. In order to
make the use of the coil safe, 1) the preamplifiers were kept close to matching circuit and
balun, and 2) extra consideration was given to cable arrangement by keeping the cables away
from patient.

Visualization of small forearm vessels and nerves in both the superficial and deep soft
tissues at high and low resolution 7T imaging is clearly superior to that of 3T imaging (as
marked by yellow circles in Fig. 8). Delineation of muscle fibers/fascial plane interfaces as
well as cortical bone/soft tissue interfaces is significantly enhanced at 7T illustrating the
benefit of higher CNR. When compared to 3T, Fig. 8 also shows superior delineation of the
radial and median nerves, small vessel detail without the use of contrast agents, higher
delineation of muscle planes, and detail of osseous trabecular. Specifically, the superior
eminence of small vessels (and finer details of soft tissues) is the result of overall less noise
at 7T compared to the 3T images. Noting that two different coil designs were utilized at 3T
and 7T but both contained 8 receive channels, the overall clarity of the 7T images as
compared to 3T demonstrates the advantage of having the high SNR ratio associated with
higher field strength.

Characterization of 7T Images

According to a Musculoskeletal radiologist, AFs =0, 1 and 2 (Fig. 7C) provide excellent
quality to depict various anatomical structures (nerves, macro-and-micro vasculature,
cartilage, synovial fluidic areas between cartilage, tendons, ligaments, osseous bone
anatomy). On the other hand, AF = 4 results in poor image quality (Fig. 7C).

MR Diffusion imaging accesses water diffusion parameters like fiber anisotropy (FA) and
apparent diffusion coefficient (ADC) in nerves. This can be a non-invasive and non-
disruptive strategy for sequential assessment of pre and post-surgeries including post-
surgical nerve regeneration repair, or transplantation related outcomes. As a result,
reconstructive surgeries and/or evaluation of transplantations (10, 49) may use i) volume
(and texture) based rendering and ii) 3D depiction of the course of the peripheral nerves (as
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shown Fig. 9D). As shown in Fig. 9, 7T provides superior delineation of the radial and
median nerves, without the use of contrast agents.

Contrast-enhanced MR angiography using commercial MR scanners (< 3T) has been used
extensively in imaging of intracranial vessel diseases (50, 51) and 7T imaging has also been
explored (52). Limited, if any, imaging with 7T MRI has been reported of the extremities
except specifically focusing on the wrist (53) or hand (54) with limitation to the palmer
vasculature. The current work goes beyond wrist and palmer region to high resolution non-
contrast enhanced imaging of digital arteries in finger and its pulps as shown in Fig. 10
(TOF). The fact that this may be accomplished without the use of intravenous contrast is
invaluable in patients with vasculitis associated with either autoimmune disorders or
diabetes as these diseases often have concomitant renal vasculitis and renal insufficiency.

Moreover, detection of small vessel anatomy using high resolution 7T imaging has a
potential in preoperative planning (55) of neovascularity associated with both soft tissue as
well as osseous tumors. 7T TOF imaging also allows for excellent depiction of
microvascularity of the hand, forearm, and hand (wrist) which may be invaluable in upper
extremity surgery and/or monitoring the microvascularity integrity as it relates to certain
vascular disease processes (56, 57). In addition, SWI (Fig. 9C2) could be especially useful in
various micro-vascular conditions such as vascular trauma, abnormalities, visualizing blood
products and the vascularization of tumors, and high-resolution MR venography (38, 58, 59)

In conclusion, the in-house built TEM volume resonator in conjunction with an eight
channel receive only array was designed, built and successfully evaluated at 7T to confirm
the potential for next generation UHF imaging in upper extremity applications. A wide
variety of outstanding images with high spatial resolution, SNR, and CNR were achieved
and compared favorably to those aquired at 3T.
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UE Upper Extremity

TEM Transverse Electromagnetic

B1* circularly polarized component of transverse magnetic field that excites the
spins

TX Transmit

Rx Receive

# Number

FDTD Finite Difference Time Domain

SAR Specific Absorption Rate

SNR Signal -to-Noise Ratio, CNR, Contrast-to-Noise Ratio

3D 3Dimentional

T1VIBE  T1-Volumetric Interpolate Breath-hold Exam

T2DESS T2-Double Echo Steady State

SWI Susceptibility Weighted Imaging
TOF Time-of-Flight

DTI Diffusion Tensor Imaging

FDA Food and Drug Administration
ROI Region of Interest

ATC American Technical Ceramics
IRB Institutional Review Board

AOI Anatomy of Interest

IEC International European Commission
HP Hewlett-Packard

AF Acceleration Factor
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Figure 1.
A: 8-element TEM resonator (four struts are shown for simplicity); B: Front plate of

resonator (looking right to left); C: Picture of constructed transmit coil; D: Receive array
circuit diagram showing single element (blue loop), overlapping geometry between adjacent
loops (yellow arrow), inductive decoupling for no-adjacent neighbors (green arrows),
passive decoupling for each loop element (two black arrows on left side), and continuation
of rest of the loop elements (maroon arrows); and E: Picture of the eight channel receive
array.
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TEM Coil (Ez) showing all eight legs

20 40 60 80 100 120 140 160 180
—X—>

A: FDTD model of TEM coil (excitation ports shown by yellow circles); B: Side view (YZ
slice) with human arm model positioned inside TEM structure (showing struts in green, and
shield in red); and C: Top view (XY slice) showing all 8 elements of the coil and locations of

the PMLs.
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Simulation

[A]: S PAR. COMPARISION: Experiment

0 L - 0"

0> 2972 MHz 10~
-20 ¥ S11 -20*]
230 » A (dB) _30 |

297.2 MHz -38.715 dB

-40 » -40 »

0,20 — F(MHz) > 200 — F(MHz) > 300 ) 400
— = 2 0

10~ ——— 10»| 297.2 MHz -36.594 dB
' 297.2 MHz / |
20 » S22 20>
(dB)

-30 » \L -30 >
40 » -40 i i i

200 — F(MHz) > 0.200 — F(MHZ) = 390 ) 400

0 »
10»1\297.2MHz -18.893 dB

297.2 MHz -21.342 dB

-40 »

60 » i i ;
200 — F (MHz) > 200 — F(MHz) > 300 400

B]: ACTIVE DETUNING:  Port 1 Port 2
0" p i —

10> . J/""
S1
(4B) 20 297 5 MHz ) 297.2 MHz 21911 dB

=30 » -30 »

200 — F(MHz) > 300 200 — F(MHz) - 300

Figure 3.
A: Correlation between the FDTD calculated scattering parameters (S11, S22 and S12) and

that measured utilizing the network analyzer for the TEM coil; and B: TEM active Detuning
(with DC ON) for S11 and S22.
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B1* SAR
Experiment | Simulation
(W/kg per 10g)

Phantom Forearm Forearm

Figure 4.
7T experimental B;* field maps for muscle phantom (A: axial, E: sagittal and I: coronal) and

human subject (B: axial, F: sagittal and J: coronal). Simulated B1* maps (C: axial, G:
sagittal and K: coronal) and SAR (W/kg per 10g; D: axial, H: sagittal and L: coronal)
obtained using anatomically detailed human arm.
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Figure5.
7T T2 DESS over the complete volume of forearm in axial (elbow to wrist), coronal and

sagittal planes.
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Receive Coil: Example of S parameter measurement for Channel 2 and 4,
and active detuning measurement
Rx Channel 2 Rx channel 4
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Figure 6.
Receive Coil Measurements. A: S22 measurement (Channel 2 of 8); B: S44 measurement

(Channel 4 of 8); C: S42 (isolation) measurement (Channels 2 and 4); and D: Active
Detuning (with DC ON) for Channel 4.
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Noise Correlation (dB) map SNR vs AF map
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Figure 7.
A: Noise correlation matrix for receive only array; B: SNR vs acceleration factor (AF) map,

each set (five bars) represents five slices throughout the forearm volume; and C: Respective
images (center slice) for AF as shown in B.
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T1VIBE T2DESS T2*SWI

7T Resolution

3T Resolution

Figure 8.
3T vs. 7T imaging. Protocols are described in Table 2. The circles show nerve and small

vessel finding in 3T vs 7T.
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7T Arm (Forearm and Elbow) Imaging

A.T1VIBE
2585

Figure9.
T1 VIBE (A): Al: Delineation of vascular wall [arrow] and brachial artery bifurcation and

branch patterns; A2: micro-vasculature, and radial and median nerves and their branches;
AZ3: forearm superficial radial nerve; A4: Supracondylar joint anatomy with
osseocartilagenous detail; and A5: Median and radial nerves (arrows) and arterial sections
(radial artery) with vessel wall delineation. T2 DESS (B): B1: Axial view of trochlear
cartilage and trabecular bone structure and ulnar nerve [arrow]; and B2: Synovial and
cartilagenous delineation of the radiohumeral joint with trabecular detail [arrow]. T2* SWI
(C): SWI (C2) showing vascular branching detail compared to T1 VIBE (C1). DTI (D): D1:
T1 VIBE and D2: Color coded FA map (bright blue dots) showing radial (RN) and median
nerve (MN); D3: 3D representation of MN and RN; and D4: Fiber tractrography for MN and
RN.
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7T Hand and Finger Imaging
A.T1VIBE

“\‘L" > ‘:‘(',

Figure 10.
T1 VIBE (A): Al: Cross-sectional trans-metacarpal view highlighting intrinsic muscles,

flexor and extensor tendon ( 7) apparatus with synovial sheaths (S), as well as ligamentous
structures (L), and inter-metacarpal vasculature (V/); A2: Minimum intensity projection
image; and A3: 3D texture reconstruction of hand. Non contrast enhanced TOF (B): B1:
Proper palmar digital arteries, digital tendons and synovial sheaths on axial view (red
circles) in fingers towards palm; B2: Digital arteries and its microvasculature close to finger
tips in the hand (red circles); and B3: Volume rendering of fingers and minimum intensity
projection showing digital arteries and its branches including the capillaries in finger pulps.
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Table 1

TEM design parameters (See Fig. 1)

Outer strut diameter (Dos) 0.5 inch
Inner strut diameter (d) 0.25 inch
Teflon filler outer diameter (Dd) ~0.5 inch
Distance from the center of the coil to the center of the outer strut (Lc) | 3.75inch
Length of inner strut inside the cavity (Los) ~ 3-4inch
Relative dielectric constant of Teflon (e;) 21
Distance from center of the outer strut to the outer conductor shield 1.25 inch
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Table 2
7T musculoskeletal imaging protocols used to acquire MR images (see Figs. 4, 5, 7t0 9)
1SO Sequences Orientation FOV TR/TE (ms) | Slices

T2 DESS Coronal | 105 x 160mm (294 x 448) 18/5.2 238
T1VIBE Coronal 95 x 160mm (304 x 512) 12/4.5 288

T2 SWI Axial 105 x 160mm (336 x 512) 23/15 128

DTI (Dir:64, b=0,1300) Axial 700 x 620mm (490 x 434) |  7000/83 65

TOF AJS/C 85 x 208mm (236 x 640) 12/4.5 -
By* map Seq. Axial 140 x 140mm (64 x 64) 2000/2.5 88
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Table 3
7T and 3T protocols (See Fig. 8)
T 3T
MRI System: TRITE TRITE
Imaging: Parameters | Fov/Acquisition Matrix Fov/Acquisition Matrix
Scan time/Slices Scan time/Slices
. 12/4.49 ms 12/5.21 ms
7T-r|%e\gg|3t|1£tion 95 x 160 mm?/277 x 512 | 95 x 160 mm?2/277 x 512
5:34 min/288 5:34 min/288
T1VIBE: 12/4.47 ms 12/5.14 ms
3T-Resolution 93 x 100 mm?2/273 x 320 95 x 159 mm?/191 x 352
4:36 min/288 4:01 min/288
. 18/5.22 ms 18/5.22 ms
7{;25&3'0” 105 x 160 mm?2/270 x 448 | 105 x 160 mm?%/270 x 448
4:43 min/288 4:43 min/288
. 18/5.22 ms 18/5.22 ms
3;;25?1%0!’] 91 x 140 mm?/193 x 320 | 104 x 159 mm?/232 x 384
3:36 min/176 4:08 min/240
To*SWI: 23/15ms 23/14.2 ms
7T-Resolution 105 x 160 mm?2/302 x 512 | 118 x 180 mm?%302 x 512
6:08 min/128 6:08 min/128
To* SWI: 23/15ms 23/14.2 ms
3T-Resolution 118 x 180 mm?%/227 x 384 | 118 x 180 mm?%/227 x 384
4:42 min/128 4:42 min/128
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