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Abstract

Purpose—The common marmoset (Callithrix jacchus) is a New World primate of increasing 

interest to neuroscience and in translational brain research. The present work describes the design 

and implementation of individualized 8-channel receive-only RF coil arrays that provide whole 

brain coverage and allow anatomical and functional MRI experiments in conscious, awake 

marmosets.

Methods—The coil arrays were designed with their elements embedded inside individualized 

restraint helmets. The size, geometry and arrangement of the coil elements were optimized to 

allow whole brain coverage. Coil-to-coil decoupling was achieved by a combination of geometric 

decoupling and low input impedance preamplifiers. The performance of the embedded arrays was 

compared against that of one 8-channel receive-only array built to fit the external surface of the 

helmets.

Results—Three individualized helmets with embedded coil arrays were built for 3 marmosets. 

Whole-brain coverage was achieved with high sensitivity extending over the entire cortex. Visual 

stimulation of conscious awake marmosets elicited robust BOLD fMRI responses in both primary 

and higher order visual areas of the occipitotemporal cortex.

Conclusion—The high sensitivity provided by embedded receive-only coil arrays allows both 

anatomical and functional MRI data to be obtained with high spatial resolution in conscious, 

awake marmosets.
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Introduction

Since the early 1990s, functional Magnetic Resonance Imaging (fMRI) has established itself 

as one of the most used techniques in cognitive neuroscience1. Due to their close 

phylogenetic proximity to humans, nonhuman primates have an important role in basic and 

translational biomedical research2. Among nonhuman primates used in neuroscience 

research, Old World monkeys, including the various species of the genus Macaca are the 

most widely used to understand vision3. On the other hand, New World monkeys, including 

common marmosets (Callithrix Jacchus), are becoming an attractive model for biomedical 

research4–6 and in neuroscience. Marmosets have many practical advantages over Old World 

primates, including excellent reproduction in captivity, quick development and sexual 

maturity achieved by 18 months, and enhanced biosafety7. In addition, several 

publications8–13 have demonstrated that marmosets exhibit the typical primate anatomical 

and functional brain organization, featuring a well-developed prefrontal cortex, and 

specializations of the eye and brain that are in close homology to macaques and humans. 

Thus, it is important to develop neuroimaging techniques and devices to study the marmoset 

brain. A particular need is to develop radiofrequency (RF) coil arrays to enable anatomical 

and functional MRI data to be obtained from marmosets. To the best of our knowledge, 

currently there are no commercially available RF coils designed specifically for imaging the 

marmoset brain.

Marmosets can be trained to be temporarily restrained and thus participate in experiments 

that require immobilization, such as most neuroimaging experiments. One traditional way to 

restrain animals is through the use of anesthesia, which is quite effective for minimizing 

movements11. However, anesthesia is incompatible with measuring important aspects of 

cognition. Not only does anesthesia prevent animals from perceiving and interacting their 

environment, but also it interferes directly with both neural excitability and neurovascular 

coupling14–17. To overcome these disadvantages, we have previously devised a completely 

non-invasive method for restraining head motion in marmosets undergoing anatomical 

and/or functional MRI studies14,18. The method consists of acclimating marmosets to lie in 

the sphinx position in an MRI-compatible cradle, and having them wear individualized 3D 

printed helmets that constrain head motion with great comfort14,18.

We describe here the design of individualized, 8-element receive-only RF coil arrays, in 

which the coil elements are built using flat conductors and placed on the inner surface of 

individualized restraining helmets to maximize the sensitivity of MRI and fMRI experiments 

at 7T in conscious awake marmosets while preserving comfort to the animals. The size, 

geometry and arrangement of the coil elements were optimized to allow whole-brain 

coverage, allowing us to obtain robust blood oxygenation level dependent (BOLD) fMRI 

responses to visual stimulation in both primary and higher order visual areas extending from 

the occipital lobe to the inferior temporal cortex. Finally, to investigate the advantages of 

producing individualized arrays embedded into individualized helmets, their performance 

was compared against that of a single 8-channel receive-only RF coil array built to fit the 

common external surface of the helmets. The sensitivity of the embedded arrays was 

remarkably higher than that of the external array, making this design a better choice for high 

resolution, whole-brain anatomical and functional MRI of the marmoset.
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Methods

Individualized movement restraining helmets

Individualized movement restraining helmets were 3D-printed (Fortus 360mc, Stratasys, 

Inc., Eden Prairie, MN, USA)) out of polycarbonate. The helmets inner surfaces were 

shaped using individual marmoset head profiles obtained from 3D gradient echo images of 

the anesthetized marmosets head and torso, acquired using a custom built linearly driven 16-

rung birdcage coil with 10 cm inner diameter operating as a transceiver. The parameters 

used during the 3D acquisition were: field of view (FOV) = 76.8 × 76.8 × 76.8 mm3; matrix 

size = 160 × 160 × 160; echo time (TE) = 1.7 ms; repetition time (TR) = 15 ms and 4 

averages, resulting in a total acquisition time of 25.6 min. Segmentation of the data was 

performed using the software ITK-SNAP19 (University of Pennsylvania, Philadelphia, PA, 

USA), resulting in a 3D mesh profile which was imported into the 3D modeling program 

Solid Works (Waltham, Massachusetts, USA). The head profiles were expanded by 3 mm in 

all directions, to make space for placing compressible foam so as to provide additional 

comfort for the animals during the experiments. The individualized helmet inner surfaces 

were then obtained by subtracting the expanded head profiles using Boolean operations. As 

shown in Fig. 1 and Fig. 2, the helmets are composed of two parts. The top part holds most 

of the animal’s head. The bottom piece supports the chin of the animal while allowing the 

animal enough room to lick and swallow liquid rewards during fMRI experiments. Fixation 

parts were added to both parts to attach the helmets to the cradle holding the marmosets.

Three adult male marmosets participated in this study, and two types of helmets were built 

for each marmoset, one for the individualized embedded array, and one for the common 

external RF coil array. The helmets for the 8-channel embedded arrays, where the coil 

elements were placed in the inner surface, were designed with a flat surface on top in order 

to house the circuit board made of flame retardant FR4, which includes the matching 

network and cable traps for every channel (Fig. 1a). The helmets used for the external 8-

channel array were designed with a curved surface with a polycarbonate wall thickness of 

approximately 2 mm, following the contour of the marmoset’s head (Fig. 2a). This was the 

minimum thickness that still provided enough mechanical support during the experiments 

for the helmets printed out from polycarbonate. This helmet design uses an external surface 

that is common for all marmosets’ heads, and an internal surface that is still individualized 

for optimum movement restraint. The common external surface of the helmet allowed the 

same external coil array to be used with different marmosets.

8-channel embedded coil arrays

The 8-channel receive-only embedded coil arrays were built using CuFlon (Polyflon, Inc., 

Norwalk, CT, USA) with 610 g/m2 of copper deposited in a 0.25 mm thick 

polytetrafluorethylene dielectric. This flexible and thin material made it possible to place 

each loop element of the array on the inner surface of the helmet with flat surface (Fig. 1d), 

which was then covered by 3-mm thick polyurethane foam to provide electrical isolation and 

additional comfort to the animal. Because foam gets compressed when the helmet is in 

place, the distance from coil elements to animal’s head was approximately 2 mm. The coil 

layout (Fig. 1b, d) consisted of arranging the elements in two frontal rows of 3 elements, 
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overlapped in the head-foot (Z) direction and gapped in left-right (X) direction, and placed 

over the pre-frontal and parietal cortices, respectively. Two additional elements, overlapped 

in the X direction, were placed in the back of the array over the occipital cortex. This design 

was chosen as a compromise between achieving whole brain coverage, high sensitivity over 

the cortex, and to allow the possibility of performing parallel imaging in some MRI and 

fMRI protocols that needed faster acquisition times. The inner diameter of each circular loop 

in the front is 15 mm and 12 mm for the loops in the back, and the copper width is 1.5 mm. 

The connection between the coil elements and the FR4 circuit board having all eight 

matching networks (Fig. 1c), placed on the top of the flat surface of the helmets, were made 

by soldering copper wire with 0.64 mm diameter (AWG 22) through the helmet’s 

polycarbonate wall. The coil circuitry for each coil element (Fig. 3) consisted of a matching 

network and a PIN diode controlled blocking circuit for active detuning during 

transmission18. To detune the coil during the transmit period, a blocking circuit consisting of 

C3 and Ld was activated by providing DC current to the PIN diode via a bias T located in the 

same circuit board that houses the low-input-impedance preamplifiers. The components used 

for the tuning/matching network consisted of non-magnetic chip capacitors (A series, 

American Technical Ceramics, Huntington Station, NY, USA), air core inductors (micro-

spring air core inductors, Coilcraft, Cary, IL, USA) and PIN diodes (Temex Ceramics, 

Pessac, France). The main decoupling mechanism was achieved by connecting each 

individual element to a low input impedance preamplifier20,21. The total phase of each 

element, including the coaxial cable and the preamplifier, was adjusted by careful trimming 

of the cable length. Partial geometrical overlapping along the Z direction improved 

decoupling between elements in the 2 front rows and those in the back row. To avoid cross-

talk interactions between the RF coaxial cables, cable traps22 were placed in between the 

matching network and the input of the preamplifiers, and tuned to 300.4 MHz.

8-channel external array

To compare the advantages obtained by embedding the coil elements in the inner surface of 

the customized movement restraint helmets, an 8-channel receive-only array was built to fit 

the common external surface of the helmets (Fig. 2a). This external array was designed after 

the embedded arrays were in use, and we aimed for a universal design that could be used 

with different marmosets and yet one that provided at least the same spatial coverage and 

penetration depth in the brain as the embedded coil arrays, while still maintaining high SNR 

in the cortex. In the external array, the coil elements had to be placed on the external surface 

of the restraint helmets, and because they would be further away from the marmosets’ 

brains, the elements were made bigger. Due to the limited number of RF receivers, it was not 

possible to resort to fully symmetric designs, such as the soccer ball23. Therefore, we chose 

the design of 2×4 elements overlapped in both X and Z directions to achieve whole brain 

coverage (Fig. 2b). The coil loops were mounted and fixed using hot glue onto a 3D printed 

polycarbonate support shell with 1 mm thick that matched the external surface of the 

helmets. When the external array was positioned on the helmets, the distance between coil 

elements and the marmoset’s head was approximately 5 mm. Since there was no space 

constraint, instead of flat and flexible conductors this coil was built using copper wire of 1.4 

mm outer diameter (AWG 16) to provide a higher quality factor (Q) for each coil element by 

reducing the resistive losses in the conductor.
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To allow the coil wires to cross over without touching the nearest neighbor elements, 

semicircular bridges were bent into the loop wires, as suggested by Keil et al.24,25 (Fig. 2d). 

Each element was built as a circle with a 25 mm inner diameter, except for the 2 outer 

elements in the front row. These elements were built as ellipses with 25 mm and 30 mm to 

cover the entire external surface of the helmet, allowing the coil sensitivity to extend through 

the temporalis muscle and reach into the temporal lobe of the marmoset brain. The coil 

circuitry of each element was essentially the same as those used in the 8-channel embedded 

array (Fig. 3), with the exception that individual floating bazookas were used as cable 

traps22 over each individual coaxial cable.

Low input impedance preamplifiers

Preamplifier decoupling was achieved by connecting either 8-channel receive array to home 

built low input impedance preamplifiers26,27. The preamps were designed with an input 

impedance of approximately 1.0 Ω, gain of 32 dB and noise figure of 0.6 dB. The set of 

eight preamps were arranged in two layers with 4 preamps each, using non-magnetic MCX 

connectors to connect both 8-channel coil arrays. All preamps were mounted to 

motherboards (4 preamps per motherboard) and placed inside a 3D printed box (2 

motherboards per box) that could be fixed in the animal’s cradle during the experiments. The 

coil elements were detuned by DC current provided to the PIN diodes via a bias T located in 

the same FR4 motherboards where the preamps were mounted.

Characterization on the bench and SNR maps

Characterization of both receive arrays was performed on the bench by measuring S-

parameters using a network analyzer (Agilent Technology, Santa Clara, CA, USA) and a 

homemade detuning box providing 10 V/100 mA to bias the PIN diodes during the transmit 

mode and −30 V during the receive mode24,25. This box allowed us to bias the PIN diodes to 

evaluate the coil elements individually while all other elements remained detuned. 

Additionally, it provided 10V/130 mA to power the low input impedance preamplifiers. Both 

8-channel arrays were characterized by evaluating the detuning efficiency provided by the 

active detuning network, and the isolation due to preamplifier decoupling. For all 

measurements of the transmission coefficients S21, a probe consisting of a geometrically 

decoupled (> 75 dB isolation) pair of overlapped pick-up loops was used. The probe 

consisted of two loops with 5 mm inner diameter each made of semi-rigid coaxial cables 

with a gap in the shield placed symmetrically at the center of each loop. Tuning of each 

element in the array was optimized by measuring the S21 response using the pick-up loops 

with the coil loaded while all other elements not under test were actively detuned. The 

isolation provided by the active detuning network was determined by the change in S21 

response for an array element with and without forward bias current in the PIN diode. 

Again, during the measurements the elements not under test remained detuned by providing 

DC current to the PIN diodes, activating the blocking network. The isolation due to 

preamplifier decoupling was evaluated by measuring the difference in S21 responses when 

the element under test was power matched (i.e., 50 Ω terminated) and in the case when the 

coil was noise matched (low input impedance preamplifier termination21,28). To evaluate 

losses introduced by the sample and coil circuitry, the ratio of quality factor unloaded-to-

loaded (QU/QL) was measured using a 3D printed phantom with a marmoset’s head shape 
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filled with 9 g/L of sodium chloride solution. Q measurements were performed for each 

isolated element, without coaxial cables or preamplifiers connected. To ensure just the 

necessary coupling from the pickup loops to the coil under test, we tried to position the pick-

up loops such that the baseline of the S21 curve was always around −70 dB, which was 

achieved by placing the probe approximately 2.5 cm away from the element under test. Q 

values were measured directly with the network analyzer function BANDWIDTH ON at 

−3dB, which acquired the bandwidth (Δf−3dB) at −3 dB and directly displayed the ratio f0/

Δf−3dB, where f0 is the center frequency. During the measurements, the loops not under test 

remained actively detuned by forward biasing the PIN diodes with DC current using the 

detuning box described above. Please see25,28,29 for further detailed information about how 

the workbench measurements were performed.

Coil performance in the scanner

All imaging experiments were performed in a 7T Ultra Shielded Refrigerated magnet 

(Bruker-Biospin, Inc. Ettingen, Germany) with a 30 cm bore equipped with 8 RF receivers 

connected to an AVIII console running ParaVision 5.1. A custom-built 16-rung transmit-only 

linearly driven birdcage coil was used for excitation. Both transmit RF coil and the 8-

element receive arrays were equipped with actively detuning circuits, so that the receive 

arrays were detuned during transmission and the volume transmit-only RF coil was switched 

off during reception. The good performance provided by the detuning network of the 

transmit-only RF coil used here was verified by comparing B1 maps with and without the 

presence of a receive array at the center of the coil, as previously described18.

To verify coil-to-coil isolation, noise correlation matrices were acquired for both coil arrays 

placed on the heads of the marmosets. The noise correlation matrix between the ith and jth 

coil receive elements was computed using , where ψij is the noise 

covariance matrix, which is calculated from  where ni e nj are the complex 

noise variances from noise images acquired without RF excitation25.

Signal-to-Noise ratio (SNR) maps from both 8-channel arrays were acquired from a 

conscious awake marmoset using a fast low angle shot (FLASH) sequence with TR = 700 

ms, TE = 4.2 ms, FOV = 38.4 × 38.4 mm2, slice thickness = 2 mm, matrix = 256 × 256 and 

2 averages, resulting in a total scan time of 5 min 58 s.

The noise amplification due to generalized auto calibrating partially parallel acquisitions 

(GRAPPA) accelerated images was evaluated by computing g-factor maps30 using a custom 

software written in MATLAB (MathWorks Inc. Natick, MA, USA). For these 

measurements, both coils were loaded with the same phantom used for Q measurements, 

with acceleration factors of R = 2, 3, 4 in the head-foot (Z) and left-right (X) directions. The 

images for g-factor maps calculation were acquired in coronal orientation in a plane located 

20 mm from the inner surface of the helmets, which is approximately the position of the 

center of a marmoset’s head, using Rapid Acquisition with Relaxation Enhancement 

(RARE) with 8 echoes, TR = 700 ms, TE = 4.4 ms, FOV = 51.2 × 51.2 mm2, slice thickness 

= 1 mm, matrix = 128 × 128 and 2 averages.

Papoti et al. Page 6

Magn Reson Med. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fMRI experiments in response to visual stimulation in conscious awake marmosets

All experiments were performed in accordance to guidelines set by the Animal Care and Use 

Committee of the National Institute of Neurological Disorders and Stroke. Detailed fMRI 

procedures are described in two previous publications31,32. Briefly, fMRI experiments in 

response to visual stimulation were performed in two adult male marmosets previously 

acclimated to the restraint helmets and to MRI sounds14,32. For visual stimulation, five 

different image stimulus categories: conspecific faces, conspecific body parts, man-made 

objects, and spatially and phase scrambled images, were presented via a LCD monitor (Tech 

Video System Co., Ltd, Suzhou, China) installed in the back of the magnet31,32. An 

additional fixation-only block, in which only a small fixation dot is shown at the center of 

the screen, was used as a control. The animals were trained to maintain their gaze on the 

images. The gaze was monitored via video-based eye tracking with an MR-compatible 

camera and infrared light illumination (Model 12M-i, MRC Systems, GmbH, Heidelberg, 

Germany) (Fig. 4). Liquid rewards for task compliance were delivered through a plastic tube 

positioned in the animal’s mouth. BOLD fMRI data from 18 axial slices were obtained using 

a 2D gradient-recalled echo planar imaging (EPI) sequence with TR = 2000 ms, TE = 26 ms, 

thickness = 1 mm, FOV = 32 × 32 mm2, matrix 64 × 64, acceleration factor (R = 2) in the 

head-foot (Z) direction and GRAPPA reconstruction. During each run, 512 volumes were 

acquired. Parallel acceleration of EPI was essential to reduce signal dropouts induced by 

susceptibility artifacts near the occipital and temporal lobes and to increase the number of 

slices without running into gradient duty cycle limitations. Coplanar T2 weighted anatomical 

images (TEeffective = 64 ms; TR = 4000 ms; FOV = 32 × 32 mm2; slice thickness = 1 mm; 

matrix = 128 × 128) were collected per session for image registration. Visual stimuli of the 

same category extending 5° visual angle were randomly displayed every 500 ms throughout 

the 16 s blocks. A fixed inter-block interval of 20 s of uniform gray screen was used. 

Analysis of the fMRI data acquired was performed using the software Analysis of 

Functional Neuroimages (AFNI)33, and custom code written in MATLAB (The Mathworks, 

Natick, MA, USA). Data analysis was restricted to only those blocks in which the subject’s 

gaze remained within a 5° radius window more than 80% (12.8 s out of 16 s) of the block 

duration. Visual responses, including visual selectivity, were based on analysis of volumes 

collected between 4 and 18 seconds after stimulus onset. Statistical tests for stimulus 

selectivity during this period were based on two-sample t-test with correction for multiple 

comparisons. Group averaged BOLD response time courses of four categories (faces, 

bodies/objects, phase/spatial scrambled faces and fixation dot) were plotted by averaging 

across sessions and animals. Voxels with t-value > 5 for the contrast between face and 

fixation dot were clustered together for averaging. The error bar in the time courses 

indicated one standard error across block repetitions.

Results

Characterization on the bench

Fig. 5a–b show S-parameter matrices measured on the bench for the 8-channel embedded 

array and for the 8-channel external array, respectively. For the 8-channel embedded array, 

the active detuning isolation averaged −32 dB (range −28 dB to −36 dB). Reflection 

coefficients, shown by the diagonal elements of Fig. 5a, averaged −12 dB (range −8 dB to 
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−17 dB). Decoupling between nearest neighbor elements, achieved by partial geometrical 

overlapping, averaged −8 dB (range −4 dB to −12 dB). This unexpected low decoupling 

value was probably due to difficulties in properly positioning the pickup loops over the coil 

elements while simultaneously moving the elements to their optimal overlap position. The 

use of low input preamplifiers improved the coil-to-coil decoupling by an additional −26 dB, 

on average.

The same workbench measurements were performed on the 8-channel external array. The 

active detuning isolation averaged −36 dB (range −32 dB to −39 dB). Reflection 

coefficients, shown by the diagonal elements of Fig. 5b, averaged −12 dB (range −9 dB to 

−16 dB). Decoupling between nearest neighbor elements averaged −16 dB (range −11 dB to 

−19 dB). In this case, the achieved decoupling was better because it was easier to find the 

optimal overlap position of the individual elements, since they were placed outside the 

helmets. On average, an additional isolation of −30 dB was provided by the use of low-input 

impedance preamplifiers.

For the embedded array, Q ratio measurements of a typical element were Qu/QL = (142/100) 

= 1.42, and the average value across all elements was 1.43 ± 0.25. For the external array, the 

Q ratio of a typical element was Qu/QL = (138/107) = 1.29, and the average value across all 

elements was 1.31 ± 0.13. These measurements show that the two arrays are roughly 

equivalent from the noise point of view. The embedded array has smaller elements, but these 

elements are positioned closer (~3 mm) to the sample than the external array, which has 

larger coil elements, but positioned further away (~5 mm) from the sample. Therefore, for 

both designs, coil resistance – and not sample noise – constitutes the main source of noise.

Coil performance in the scanner

Fig. 5c–d show noise correlation matrices obtained for both coils calculated from images 

acquired without RF excitation for both receive arrays, where the elements on the diagonal 

of the matrix represent the noise level with its average normalized to 1. For the 8-channel 

embedded array, the largest off-diagonal correlation coefficient was 0.52 with an average of 

0.25 (Fig. 5c). The noise level range represented by the diagonal elements was 0.32 – 1.33. 

For the 8-channel external coil, the largest correlation coefficient was 0.70, and an average 

of 0.26 (Fig. 5d), with the noise level ranging 0.24 – 1.79.

SNR maps obtained in axial, coronal and sagittal orientations were calculated from images 

acquired from a conscious awake marmoset and are displayed in Fig. 6. The 8-channel 

embedded array provides high sensitivity along the entire cortical brain surface, with only a 

slight loss of sensitivity in the frontal cortex. The mean SNR gain obtained when comparing 

the embedded array with the external array was calculated inside ROIs in the cortex and at 

the center of the brain, as defined in each of the 3 main spatial orientations (Fig. 6). In the 

axial orientation (Fig. 6a), the embedded array had an average 20% higher SNR in the cortex 

and 4% higher in the center of brain when compared to the external array. In the coronal 

orientation (Fig. 6b), the SNR measured in the occipital cortex was 65% higher for the 

embedded array. At the center, the gain was 31% higher. In the sagittal orientation (Fig. 6c), 

the SNR of the embedded array was 36% higher in the cortex, and only 0.5 % higher at the 

center. Interestingly, in deeper brain structures the performances of the two coil arrays were 
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roughly equivalent. Thus, the main advantage of the embedded arrays was found in the 

occipital cortex.

Fig. 7 shows noise amplification (g-factor) maps obtained when performing parallel imaging 

experiments, with table 1 summarizing the measured g-factor (mean ± standard deviation, 

and the maximum value) over the phantom for both coil designs. For the 8-channel 

embedded array, the g-factor maps (Fig. 7a) indicate that the preferred direction for 

acceleration is L-R (X). This result was expected for gapped coil geometries34,35 since there 

is a 1 mm gap between the elements in this direction. For the 8-channel external array (Fig. 

7b), all coils overlap in both L-R (X) and H-F (Z) directions. But because the external array 

only has 2 rows in the H-F direction, the preferred direction for parallel imaging acceleration 

is L-R. This can be seen from the quicker deterioration of the g-factor maps (Table 1) with 

increasing R in the H-F direction (Fig. 7b) compared to Fig. 7a.

fMRI experiments

The performance of the 8-channel embedded arrays was tested in fMRI experiments in 2 out 

of the 3 conscious, awake marmosets31,32. The 8-channel embedded arrays provided 

sufficient sensitivity throughout the entire cortex and most subcortical areas of the marmoset 

brain, which enabled differentiation of small BOLD fMRI signal differences across different 

conditions. For example, there was less than 1% difference in the BOLD response to the 

presentation of faces versus other types of visual stimuli and yet these differences could be 

readily detected in five distinct patches of the marmoset’s occipitotemporal cortex31,32. In 

Fig. 8a–c, BOLD activation maps of faces versus objects are overlaid on skull-stripped axial 

(Fig. 8a) and coronal (Fig. 8b) T1-weighted anatomical images. Fig. 8c shows the same 

functional map overlaid on a surface-rendered template of the marmoset brain36. Slice 

positions are represented by two crossing red lines in Fig. 8c, which intersect at one of the 

five face patches. Although the marmoset’s inferior temporal lobe sits in an unfavorable 

lateral and inferior position of the marmoset head, and is covered by the temporalis muscle 

on the side of the head, we were able to detect face patches in that region, owing to the 

sensitivity provided by the embedded arrays. Significant BOLD activation was seen over 

both occipitotemporal cortices (the left hemisphere is not shown in the figure). Group 

averaged BOLD fMRI time courses to four categories of visual stimuli are plotted in Fig. 8d. 

In this face patch, presentation of face visual stimuli elicited the highest BOLD response 

(~1.5% at peak) compared to the other three categories. Detection of differences between 

BOLD responses to faces versus objects (~0.5%), required stable and sensitive apparatus, 

like the aforementioned highly optimized embedded phase array.

Discussion and Conclusion

We have demonstrated the development of two different designs of 8-channel receive-only 

RF coil arrays for MRI and fMRI experiments in conscious, awake marmosets. For each of 

the 3 adult male common marmosets used in the present study, 2 restraint helmets were 

built, one for the embedded coil array, and one for the external coil array. In one design, RF 

coil arrays were built embedded onto the inner surface of the head restraint helmets in a way 

that minimizes the distance between the coil elements and the brain. This design showed 
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improved sensitivity over cortex at the cost of necessitating one array for each individualized 

helmet. In the other design, a single external RF coil array was built so that its coil elements 

could be placed on the common external surface of individualized head restraint helmets. 

This allowed the external array to be shared amongst all 3 individuals in the study, with the 

disadvantage that the coil elements were further away from the brain.

For both coil designs, the main coil-to-coil decoupling mechanism relies on the low input 

impedance preamplifiers, slightly improved by partial overlapping for some neighbor 

elements in each coil design. Even though the workbench measurements has shown isolation 

better than −26 dB provided by the combination of partial overlapping and preamplifiers 

decoupling, the noise correlation matrices (Fig. 5c–d) showed considerable level of coupling 

between some coil elements, where the highest coupling coefficient was verified between 

channels 6 and 8 in the external array design. This higher value is probably due to a 

misadjustment of the phase during the cable length trimming of those elements, which was 

hard to correct after the coil was tested in the scanner, since changing those particular cables 

would imply in changing the whole 8-channel cable. Furthermore, these high average values 

observed for the correlation coefficients in both coil designs could be attributed to the fact 

that some coil elements are not completely overlapped with their nearest neighbors. For 

instance, in the embedded array design (Fig. 5) there is a strong coupling between element 1 

with its neighbors 2 and 5. For the external array design (Fig. 5), element 1 is strongly 

coupled with its neighbor element 6, for instance. Therefore, the choice of gapped design for 

the embedded array may be the reason for the high noise correlation coefficients. It is also 

important to point out that the noise correlation is not strictly depending on coil coupling, 

since fully decoupled coil elements can still have a high noise correlation, e.g. if they receive 

noise through the sample.

The characterization performed on the bench showed that the isolation provided by partially 

overlapping nearest neighbor elements in the embedded array (−8 dB) was considerably 

lower than the isolation achieved for the external array (−16 dB). In order to compensate for 

the low isolation achieved by geometric decoupling, we increased the value of the 

decoupling inductor Ld (as shown in Fig. 3) to increase the blocking impedance provided by 

the use of low input impedance preamplifiers, meaning that a better channel isolation due to 

preamplifier decoupling will be achieved. However, with the higher value of Ld, the coil will 

be slightly mismatched from 50 Ω. Nevertheless, this should not affect the SNR 

performance, as already pointed out by Keil et al24.

The SNR maps comparison displayed in Fig. 6 shows that the 8-channel embedded coil 

provided higher SNR in the investigated regions of interest next to the cortex, providing the 

higher SNR gain over the occipital cortex, compared to the external array, as seen in the 

coronal orientation in Fig. 6b. This high SNR gain is due to the usage of two dedicated coil 

elements, placed directly over the occipital cortex, in high proximity to the brain. As 

expected, however, the SNR advantage of the embedded array disappeared in deeper brain 

structures, which are located far away from the coil elements. The comparison of the 

performance between both coil designs at the center of the brain shows a SNR gain of 4% 

considering the axial orientation (Fig. 6a) and 0.5% when considering the sagittal orientation 

(Fig. 6c). These results clearly show the advantage of using the embedded array for 
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achieving higher SNR in the cortex, making this design promising for fMRI experiments 

with focus on this region.

The mean g-factor values presented in Table 1 show that both coil designs allow parallel 

imaging experiments with acceleration factors of up to 2 without significant SNR 

degradation in the left-right (X) direction. In fact, for R = 2, the 8-channel embedded array 

allows acceleration in both directions (L-R and H-F) without significant drops in SNR. For 

R > 2, the advantage of the embedded array compared to the external array for parallel 

imaging experiments becomes even more prominent. Even though the 8-channel external 

array has 4 elements along the L-R (see coil layout in Fig. 2), the mean and maximum g-

factor values are higher compared to the embedded array. For instance, in the L-R direction 

of acceleration for R = 3 the mean g-factor is 8% higher for the external array compared to 

the embedded array. This was an expected result, since the embedded array was designed 

with a 1 mm gap between the coil elements in this direction. On the other hand, the external 

array only allowed acceleration in the X direction, because it only features 2 columns in the 

H-F (Z) direction. Although parallel acceleration was done in the H-F direction (z-axis) due 

to susceptibility artifact in left-right direction for our fMRI experiment, the 8-channel 

embedded array would allow parallel imaging experiments with acceleration factors of up to 

2 without high SNR degradation in the H-F direction.

fMRI experiments in response to visual stimulation were performed in 2 awake behaving 

marmosets using the 8-channel embedded arrays (Fig. 4)31,32. With the high SNR provided 

by the embedded receive arrays, we were able to demonstrate robust visual responses in both 

cortical and subcortical visual areas32 and mapped discrete face processing areas in the 

extrastriate cortex of the common marmoset33. The spatial correspondence of the identified 

face patches31,37 is in accordance to what is found in macaques and humans37,38. It is 

suggested that the two most anterior face patches along the marmoset ventral visual steam 

are similar in position to the macaque middle and anterior face patches, respectively. Our 8-

channel embedded array allowed for mapping of functional regions in the inferior temporal 

lobe of the marmoset with high sensitivity, showing this design is suitable for looking at 

long-range functional areas involved in visual perception, e.g. from V1 to extrastriate and 

pre-frontal and frontal cortices.

In conclusion, the 8-channel embedded arrays showed high whole-brain coverage and 

enhanced SNR in the cortex. The main disadvantage of this design is that each animal 

requires its own array to be built together with the individualized movement restraining 

helmet. This becomes burdensome and inconvenient in studies that utilize a large number of 

animals. On the other hand, the 8-channel external array is a design suitable for being shared 

amongst different animals, but it cannot achieve the same imaging performance concerning 

SNR in the cortex and acceleration capabilities.
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Figure 1. 
(a) Individualized restraining helmets with flat surface designed for the 8-channel embedded 

arrays. The inner surface of the helmet conforms anatomically to the 3D profile of each 

individual’s head. The bottom piece supports the chin of the animal while allowing the 

animal enough room to lick and swallow for liquid rewards. Because of the different 

individualized inner surfaces, each individual animal needs its own embedded array. (b) 

Layout of an 8-channel embedded array. (c) FR4 circuit board with the tuning/matching 

network and cable traps for each element in the 8-channel embedded array. (d) Picture of the 

coil layout with loop elements glued on the inner surface of the 3D printed helmet. (e) 8-

channel embedded array loaded with a phantom and connected to the 8-channel preamplifier 

box.
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Figure 2. 
(a) Individualized restraining helmets with curved surface designed for the 8-channel 

external array. A 3D printed coil support with inner surface that matches the external curved 

surface of the helmets was used to build the external array. Because the coil support fits into 

different individualized restraint helmets with curved surface, the same coil can be used for 

different animals. (b) Top view of the external array showing the coil layout in a 2 × 4 

configuration. (c) Picture of the external array with individual FR4 circuit boards for each 

channel, with the tuning/matching network and floating bazooka baluns for each element in 

the 8-channel embedded array. (d) Close up view of the coil elements showing the bent 

wires where the loops are overlapped in the region indicated by the solid box in (c). (e) 8-

channel external array loaded with a phantom and connected to the 8-channel preamplifier 

box.
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Figure 3. 
Electrical scheme of a typical coil element used in the 8-channel embedded and external 

arrays. The electrical length of the RF cable was adjusted to provide 180° phase at the input 

of the preamplifier. The blocking circuit for detuning consisted of C3 and Ld is activated by 

providing DC current to the PIN diode via a bias T located before the low-input impedance 

preamplifier.

Papoti et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Marmoset with the movement restraining helmet and the 8-channel embedded array, the eye-

track camera and the rewarding system. Reprinted with permission from ref31.
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Figure 5. 
S-parameter matrices measured directly with the network analyzer for (a) 8-channel 

embedded array. (b) 8-channel external array. Noise correlation matrices calculated from 

images acquired without RF excitation for (a) 8-channel embedded array. (b) 8-channel 

external array. The main diagonal of the matrices represent the distribution of noise level, 

which has been normalized to one.
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Figure 6. 
SNR maps obtained in the axial (a), coronal (b) and sagittal (c) orientation from a conscious, 

awake marmoset using the 8-channel embedded array (top row) and the 8-channel external 

array (bottom row). The solid lines indicate ROIs for SNR measurements (see text).
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Figure 7. 
G-factor maps acquired for R = 2, R = 3 and R = 4, with phase encoding direction left - right 

(L – R, top row) and head-foot (H – F, bottom row) using the 8-channel embedded array (a) 

and the 8-channel external coil (b). The images for g-factor maps calculation were acquired 

in coronal orientation in a plane located 20 mm from the inner surface of the helmets.
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Figure 8. 
BOLD fMRI activation maps and time courses of awake marmosets acquired using the 8-

channel embedded arrays. Sub-figure (a) and (b) showed axial and coronal view of the fMRI 

statistical t-value map in the right hemisphere of one representative marmoset. Significant 

activation (face vs. object) could be detected in the occipitotemporal cortex. Color scale was 

ranging from t = 10.9 to t = −10.9 with alpha-channel (transparency) denoted the 

significance as well and no threshold was used. Area with red-yellow color meant higher 

BOLD response in face visual stimuli; area with blue-green color meant higher BOLD 

response in object visual stimuli. Activation map was further surface rendered to visualize 

the face patches in (c). Five distinct patches were discriminated with the upper-right one 

being the weakest and seemed discrete. The red crosshair represented two cross-sections of 

8a and 8b. The intersection point was the center of one face patch and its time courses of 

four visual stimuli were plotted in (d). Voxels with t-value > 5 for the contrast between face 

and fixation dot were clustered together for averaging. BOLD response of four visual 

stimuli, faces (green), objects/body parts (red), spatial/frequency -scrambled face (blue), and 

fixation dot (gray), were plotted against 32-s period. Significant BOLD responses were 

observed in all visual stimuli for 16-s, except fixation dot, which only activated for a short 

period of time. Small (<0.5%), but significant, BOLD response difference between face and 

object/body parts visual stimuli was found in this face patch and was true for all other four 

face patches reported previously.
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