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Open-transmit and flexible receiver array
for high resolution ultrahigh-field fMRI of
the human sensorimotor cortex
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Zidong Wei1,2,3,4,8, Zhilin Zhang5,8, Qiaoyan Chen1,3, Cuiting Wang4, Shuyue Fu5,6, Haifeng Wang 1,3,
Xiaoliang Zhang7, Xin Liu1,3, Hairong Zheng1,3, Jinglong Wu5 & Ye Li 1,3

In this study, we developed an open-transmit and 24-channel flexible receiver head coil assembly
tailored for high-resolution ultrahigh-field functional magnetic resonance imaging (fMRI) of the human
somatosensory and motor cortex. Leveraging the increased signal-to-noise ratio (SNR) and spatial
resolution of ultrahigh field MRI, we address the technical challenges inherent in fMRI coil design. The
open-birdcage transmit coil enhances patient comfort and enables visual task implementation,
demonstrating superior performance in transmit efficiency and specific absorption rate distribution
compared to conventional coils. Furthermore, the 24-channel flexible receiver head coil offers
enhanced SNR and image quality, facilitating sub-millimeter vascular-space-occupancy imaging for
precise functional mapping. These advancements provide valuable tools for unraveling the intricacies
of somatosensory and motor cortex function. By enriching human brain functional studies, they
contribute significantly to our understandingof themechanismsunderlying somatosensory andmotor
cortex function and may have valuable clinical applications in neurology and neuroscience research.

Humans possess excellent sensorimotor abilities that have a remarkable
capacity for individualization and specialization through experience and
training. The orchestration of these sensorimotor functions primarily
occurs within the precentral and postcentral gyri, which form part of the
primary sensory and motor areas of the brain1–3. Extensive research has
elucidated the functions of cortical regions such as the occipital (visual),
temporal (auditory), and prefrontal cortex (cognitive)4, and more recently,
the somatosensory and motor cortex has similarly begun to be intensively
explored5. A deeper understanding of the somatosensory and motor cortex
holds promise for clarifying the fundamental mechanisms underlying
human behavior and action.

One seminal contribution to the studyof the somatosensory andmotor
cortex was the conception of the cortical homunculus, a foundational
representation in neuroscience. Beginning in the 1930s, Penfield and his
colleaguesmapped the human somatosensory andmotor cortex with direct
cortical stimulation, eliciting somatosensory and motor processing from
about half of the sites, mostly from the foot, hand, andmouth6–8. This rough
cortical map provided a textbook view of the somatosensory and motor
organization as a continuous homunculus from head to toe, but a more

precise system for characterizing the somatosensory and motor cortex was
there, hiding in plain sight9.

Functional magnetic resonance imaging (fMRI), the predominant
methodology inmodernneuroimagingwithnon-invasive in vivo functional
mapping, provides high-quality imaging of the cortex10. It is most com-
monly performed using blood-oxygen-level dependent (BOLD) contrast11.
Neuronal activity is followed by a reliable influx of oxygenated hemoglobin
molecules that alters the ratio between oxygenated and deoxygenated
hemoglobin molecules in the local blood supply. Due to oxygen’s role in
masking the magnetic field of hemoglobin, this changing ratio changes the
local magnetic field surrounding the neural activity, which can be captured
as BOLD. Although BOLD fMRI represents a modern approach to non-
invasively mapping somatotopic activations based on the somatosensory
andmotor task, there remains a lack of high spatial resolution for facilitating
more precise, whole-body somatotopic mapping12–15. Vascular space
occupancy (VASO) is another fMRI method that measures cerebral blood
volume (CBV) changes noninvasively through selective detection of signal
changes in the extravascular compartment that are concurrent with the
changes in thenulled blood compartment16–19. ComparedwithBOLD fMRI,
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VASO fMRI can provide higher spatial specificity making laminar fMRI
more specific and robust across different cortical depths. It can thus be
surmised that combinationof these two fMRI techniques, could yield amore
precise means of visualizing somatosensory and motor cortex.

Ultrahigh-field MRI (>3T) offers significant improvement in both
imaging signal-to-noise ratio (SNR) and functional signal contrast-to-noise
ratio, thus providing high spatial resolution for the visualization of sub-
millimeter cortical columns and subnuclei structures in fMRI. However, as
the magnetic field strength of MRI systems increases, the RF wavelength
becomes shorter and the radio frequency (RF) transmit field (B1

+) inho-
mogeneous. Moreover, the specific absorption rate (SAR) increases quad-
ratically with the magnetic field strength. To mitigate these problems, local
transmit coils are commonly used20,21. The transmit array element types
include birdcages20, loops22,23, microstrip transmission lines24–26, dipole
antennas27–30, sleeve antennas31 and hybrid arrays32,33. In the designs of
birdcages and loops, RF shielding has proven indispensable in reducing
radiation loss, which reduces the comfort of the subject during theMRI scan,
especially those with claustrophobia. Similarly, the individual microstrip
transmission line consists of a strip with a narrow width and a ground plane
separated by a low-loss dielectric substrate with thickness. These closed
structures are not conducive to performing cognitive MRI experiments,
especially the visual fMRI34. To provide an opening in the front of the par-
ticipants’ faces, half-volume RF transmit coils35,36, asymmetric dipole, and
sleeve antenna arrays31 can be applied.However, the RF transmit field area of
these designs does not produce a homogeneous excitation.Moreover, for the
phased-array transmit coils, the couplingbetween themis complicated37,38. To
address these abovementioned issues, Nikulin et al. designed a more open
systemby reducing the number of legs on the birdcage coil and opening holes
in the shield. However, this approach resulted in a decrease in the uniformity
of the transmit field distribution and excitation efficiency39.

In human brain studies, the RF receiver coils have typically been
designedwith a higher density of coil elements laid out on top of a headshell,
which can improve the SNR and parallel acceleration capacity. The channel
numberhas been increased from32 to64or to evenashigh as 12840–44. These
designs are based on an adaptive rigid shell, the coil elements of which are
located at a specified distance from the imaging position. The flexible head
coils have demonstrated certain advantages in terms adaptability and
SNR45–50. Therefore, for fMRI, the design should include a flexible receiver
head coil with an open-face birdcage coil.

In this study, we designed and constructed an open-transmit and 24-
channel flexible receiver head coil assembly for human somatosensory and
motor cortex fMRI at 5T. This local open-transmit coil design with a facial
open-window birdcage is intended to both increase patient comfort and
enable observation of fMRI stimuli. Using simulations, we compared the
facial open-window birdcage coils with two different configurations and a
conventional shielded birdcage coil in terms of transmit efficiency, B1

+

uniformity, and SAR efficiency. The 24-channel flexible receiver head coil
was additionally designed for high–spatiotemporal resolution fMRI of the
cortical regions to maximize imaging SNR and parallel imaging perfor-
mance. A series of coil performance evaluations were implemented, in
which both high-resolution structural and functional scans were performed
of the somatosensory andmotor region, with our design being compared to
a quadrature birdcage transmit, 48-channel receiver coil assembly43.

Results
Bench test results
The measured Qratio of the 40-mm diameter loop with surrounding ele-
ments was 2.82 (90/32). For comparison, when the surrounding elements
and components were eliminated, the isolated loop Qratio increased to 3.93
(118/30). The Q-factor metrics of the Rx array were measured and verified

Fig. 1 | The electromagnetic-simulated B1
+
field maps of the different birdcage

coils without the receiver arrays. a The simulated B1
+
field maps in the sagittal

plane. bThe simulated B1
+
fieldmaps in two transversal planes. The improved open-

face birdcage provided a 15.3% higher transmit efficiency compared to the other

open-face configuration and a 7.3% higher transmit efficiency compared to the
standard shielded birdcage, particularly in front of the brain region. RSD relative
standard deviation.
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before and after the addition of the detuned Tx structure, revealing a slight
decrease in the unloadedQ-factor of the Rx elements. All Rx elements were
tuned to the Larmor frequency at 210.8MHz, and matching levels below
−10 dBwere achieved for all Rx elementswhen loadingwas completedwith

a head-and-neck phantom on the bench. By using the geometry overlap
decoupling method, the decoupling of adjacent pairs of Rx loops ranged
from –12 dB to –19 dB, demonstrating that the coil elements were well-
tuned andmatched. The worst-case decoupling of non-adjacent pairs of Rx
loopswas–6.7 dBby only using the preamplifier decouplingmethod.Active
positive-intrinsic-negative (PIN) diode detuning provided a nearly 40 dB
isolation between the tuned and detuned states

The open-transmit birdcage coil was tuned to210.8MHzandmatched
to 50Ω, with a reflection parameter of less than –10 dB. The isolation
between the two feeding ports was adjusted and measured to be at least
–10 dB in the loaded condition.

Electromagnetic simulations
Figure 1 shows the simulated B1

+ maps in the sagittal plane and two
representative transversal planes. Themean and relative standard deviation
(RSD) values of the transmit efficiency in the region of interest (ROI) are
respectively depicted in the maps. As indicated by the quantitative data, the
transmit efficiencies over the sagittal planes were comparable (within 5%)
for all coils. In the two representative transversal planes, the results show that
the improved open-face birdcage provided a 15.3% higher transmit effi-
ciency as compared to the other open-face configuration, and a 7.3% higher
transmit efficiency as compared to the standard shielded birdcage, parti-
cularly in front of the brain region. The RSD values in the ROI depicted the
ellipses suggest that the improved open-face birdcage had a more uniform
field than did the standard shielded birdcage and the other open-face
configuration in both the sagittal plane and two transversal planes.

TheSAR10gmaps and the local peakSAR10g values are shown inFig. 2a.
The improved open-face birdcage showed the best SAR efficiency, as shown
in Fig. 2b. The improved open-face birdcage demonstrated a 10.5% higher
SAR efficiency compared to the initial open-face birdcage coil and com-
parable to the 16-rung standard birdcage coil.

Figure 3 shows the measured B1
+ maps of the conventional shielded

birdcage and improved open-face birdcage coils. The open-face birdcage

Fig. 2 | The SAR10g maps and the SAR efficiency maps of the different
birdcage coils. a The SAR10g maps and the local peak SAR10g values of the different
birdcage coils. b The SAR efficiency maps of the different birdcage coils. The

improved open-face birdcage demonstrated a 10.5% better SAR efficiency compared
to the initial open-face birdcage coil and was comparable to the 16-rung standard
birdcage coil. SAR specific absorption rate.

Fig. 3 | The measured B1
+
field maps of the different birdcage coils. a The mea-

sured B1
+
fieldmaps of the conventional shielded birdcage. bThemeasured B1

+
field

maps of the open-face birdcage. The open-face birdcage transmit coil demonstrated
a superior transmit efficiency in the prefrontal region of brain compared to the
conventional birdcage coil, while the B1

+
field distribution in the other regions was

similar.
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transmit coil demonstrated a superior transmit efficiency in the prefrontal
regionof the brain compared to the conventional birdcage coil,while theB1

+

field distribution in the other regions was similar.

In vivo human brain imaging
To validate the coil decoupling, the noise correlation matrix of the 24-
channel flexible proposed coil and the 48-channel head coil was calculated,
as shown in Fig. 4b. Themaximumandmean values of the noise correlation
matrix, except for the diagonal elements, are shown below themaps. For the
proposed receiver coil, the mean and maximum values of the noise corre-
lation with the exception of the diagonal elements were 8.2% and 34.8%,
respectively, and were 9.5% and 50.3% for the 48-channel receiver coil,
respectively. Figure 4b also shows results demonstrating that using the
geometry overlap and preamplifier decoupling method could provide suf-
ficient channel decoupling.

Figure 4a shows the spatial-SNR maps with flip-angle correction and
the temporal-SNRmaps in transversal plane of the human brain. Themean
values of SNR in the ROIs are depicted in the maps. The proposed receiver
coil could provide an up to threefold improvement in the SNR in the cortex
region and a superior temporal-SNR value than the 48-channel head coil.

The inverse g-factor maps in the transverse plane with various sensi-
tivity encoding acceleration factors in both the anterior-posterior (A-P)
direction and right-left (R-L) directions. The A-P and R-L directions are
shown in Fig. 5, with the green and red numbers in brackets indicating the
mean and maximum g-factor values in the brain region, respectively.
Therefore, as indicated by the mean and maximum g-factors in the brain
region, the parallel imaging capability of the 24-channel flexible proposed
coil was superior to that of the 48-channel head coil, particularly at high
acceleration factors.

Figure6 shows theT2*-weightedbrain imageswith ahigh resolutionof
0.2 × 0.2 × 1mm3 from the proposed coil assembly andquadrature birdcage
transmit/48-channel receiver coil assembly. Aspects of the submillimeter
structure, such as small cortical blood vessels, were more clearly visualized
with the proposed coil assembly.

BOLD fMRI evaluation
In the human motor task with the BOLD sequence, we found finger-
tapping-induced activation in the primary motor cortex and the somato-
sensory cortex. Functional MRI data was acquired at 0.8mm isotropic
resolution using the Tx/Rx 48ch coil and the Open-Tx/24ch flexible coil, as
shown in the Fig. 7 activity maps. The maps are thresholded to the same Z
value (2–14) across both coils. Through a combination of a closely spaced
loop anddensely packed receiver coils in the regions of interest, the resulting
activation of the Open-Tx/24ch flexible coil conformed to a stronger pat-
tern, indicating that notwithstanding the small voxel size, fMRI responses
could be measured adequately if appropriate imaging hardware were used.

VASO fMRI evaluation
In thehumanmotor taskwith theVASOsequence,we found that thefinger-
tapping submillimeter VASO imaging setup could reliably capture neurally
induced functional CBV changes in the primary motor cortex. It was
observed that under using the Open-Tx/24ch flexible coil and the Tx/Rx
48ch coil, the activity was confined to the graymatter, with no sensitivity to
the large drain pial veins above the gray matter surface. Compared with the
Tx/Rx 48ch coil, the CBVmaps of the Open-Tx/24ch flexible coil indicated
more clearly depict the activity in the superficial and the deep cortical layers
(Fig. 8). These results indicated that theOpen-Tx/24ch flexible coil could be
used for mapping of laminar activity in human primary motor cortex.

Discussion
In this study, an open-face birdcage transmit coil was designed and com-
pared with a traditional birdcage transmit coil. The opening structure of the
birdcage coil could affect the excitation efficiency and SAR distribution.
Through optimized design, better excitation efficiency and lower SAR dis-
tributionwere achievedwith the openbirdcage transmit coil. This open-face
birdcage transmits coil can not only support visual tasks of brain function
but may also alleviate the clinical experience of claustrophobia, which
provides a novel and feasible means for conducting whole-brain functional
imaging in ultrahigh-field MRI.

Fig. 4 | The in vivo spatial SNRmaps, temporal SNRmaps, and noise correlation
matrix for the proposed 24-channel flexible coil and 48-channel head coil. a The
in vivo spatial SNR maps. b the temporal SNR maps. The proposed receiver coil
could provide an up to threefold improvement in the SNR in the cortex region and a
superior temporal-SNR value than could the 48-channel head coil. c The noise

correlation matrix of the 24-channel flexible proposed coil and 48-channel head coil
in human studies. The maximum and mean values of the noise correction matrix
with exception for the diagonal elements are shown below the maps. These results
indicate sufficient channel decoupling.
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Another method that can achieve an open transmit coil is the use of
phased-array transmitting coils. However, due to the coupling between the
coil elements, the design and circuits of the phased-array transmitting coils
are more complicated than are those of the birdcage coil. Moreover, the
birdcage coil structure advantageous in termsof transmitfield homogeneity.

The human somatosensory and motor cortex has a particularly small
cortical thickness of only 2–3mm and a relatively fine-scale organization17.
Despite evidence indicating this cortex is involved in tasks across the cog-
nitive domain, the particularities of its composition have led to a scarcity of

high-resolution fMRI studies. Increasing the fMRI resolution, optimizing
the SNR, and further improving sensory and motor cortex anatomical
imaging may help in this regard. In this study, the 24-channel flexible
receiver head coil was closer to the imaging region than the 48-channel head
coil with fixed construction. Therefore, a higher SNR could be obtained.
Moreover, the 24-channel flexible coil had a higher density distribution in
the transverse plane for the inverse g-factor maps than did the 48-channel
coil. Therefore, the parallel imaging capability of the proposed 24-channel
flexible coil was superior to that of the 48-channel head coil in the

Fig. 5 | The inverse g-factor maps in the transversal plane of the human brain for
the proposed 24-channel flexible coil and 48-channel head coil. a The inverse g-
factormaps for the proposed 24-channel flexible coil.bThe inverse g-factormaps for
the 48-channel head coil. The green and red numbers in brackets indicate the mean

andmaximum g-factor values in the brain region, respectively. The parallel imaging
capability of the 24-channel flexible proposed coil was superior to that of the 48-
channel head coil, particularly at high acceleration factors.

Fig. 6 | High-resolution (0.2 mm in plane) gradient-echo T2*-weighted images of
a healthy volunteer (24-year-old female; 168 cm; 50 kg). a T2*-weighted images
obtained using the proposed coil assembly. b T2*-weighted images obtained using

the Tx/Rx 48ch coil. Aspects of the submillimeter structure, such as small cortical
blood vessels, were more clearly visualized with the proposed coil assembly.
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presentation of the transverse plane, particularly at high acceleration factors.
Liquidmetal wires, coaxial cables, and other flexible wires can be applied to
realize the flexible head coil. In the layout design of the receiver coil, ele-
ments 1 and 2, which laid on the top of head, also contributed to the SNR.
The 24-channelflexible coil was designedmainly for human somatosensory
and motor cortex fMRI, which had 24 closely spaced loops with a diameter
of 40-mm distributed on the top and the two sides of the head. Meanwhile,
the 48-channel coil was designed for whole-brain imaging including the
cerebellum.The sizes of each loopelementof the48-channel receiver coil are
65–75mm in length. The smaller the diameter of the 24-channel flexible
receiver head coil, the higher its sensitivity. Similar to the 48-channel coil
designed forwhole-brain imaging, a 32-channel receive loop combinedwith

an 8-channel dipole coil array was constructed for 7TMRI27. In this design,
the larger loop coil has a size of 88 × 60mm,while the smaller one has a size
of 68 × 30mm. This coil array could achieve the integration of high-
resolutionMR imaging with simultaneous left and right auditory functions
with fMRI51.

The human somatosensory and motor cortex are reciprocally con-
nected. The reciprocal interaction between the somatosensory and motor
cortex is crucial for haptic perception and movement52. However, the
mechanism underlying the interaction between the somatosensory and
motor cortices is usually required to localize the somatotopic representa-
tions between sensory inputs and motor responses of the fingers for each
participant, where individual fingers are represented in only a few voxels53.

Fig. 7 | The BOLD fMRI activation maps of representative subjects. a The BOLD fMRI activation maps without smoothing from four subjects for the Open-Tx/24ch
flexible coil at 0.8 mm isotropic. b The BOLD fMRI activation maps without smoothing from four subjects for the Tx/Rx 48ch coil at 0.8 mm isotropic.

Fig. 8 | Layer-fMRI profiles in the primary motor
cortex for VASO in representative subjects. a The
layer-dependent fMRI responses without smooth-
ing from four subjects for the Tx/Rx 48ch coil and
the Open-Tx/24ch flexible coil in the primary motor
cortex. b The imaging slice is aligned perpendicular
to the cortical surface of the right-hand repre-
sentation in the left motor cortex. c The average
cortical profiles across all participants show laminar
patterns in superficial and deep cortical laminae for
the finger-tapping task. Shaded areas refer to the
SEM across participants. CBV cerebral blood
volume, WM white matter, CSF cerebrospinal fluid.
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Some studies have shown that the fMRI signal is roughly proportional to the
measurement of local neural activity, and the relationshipbetween the signal
and the underlying neural activity depends on the fMRI acquisition
technique54. The stronger BOLD signal we obtained will facilitate future
research into the localization of somatotopic finger mapping for each par-
ticipant and the interaction between human somatosensory and motor
systems.

Compared to 3T MRI systems, 5T MRI systems can provide sig-
nificantly higher SNR43. Therefore, the submillimeterVASO imagingwith a
high resolution of 0.8 mm could be achieved at 5T, while this study cannot
be achieved at 3T. Additionally, the 5TMRI achieved a more homogenous
B1

+
field and lower SAR than did the 7T MRI, and these are the main

considerations of ultrahigh field MRI. Moreover, the open-transmit coil in
this study was more patient-friendly for cognitive functional MRI

Fig. 9 | The open transmit and 24-channel flexible receiver coil assembly at 5 T.
a The 3D rendering of the constructed open transmit/24ch flexible coil assembly.
bPhotograph of the proposed coil with the RF shielding removed. c Layout of the 24-

channel receive coil and location of human somatosensory and motor cortex. d The
circuit schematic of the receiver coil element.

Fig. 10 | The circuit schematics of the open-face birdcage coil. a The circuit schematics for simulation. b The circuit schematics for simulation experimental.
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experiments compared to the closed birdcage transmit coils of the com-
mercial 7T MRI systems.

In conclusion, an open-transmit and 24-channel flexible receiver head
coil assembly was designed for in vivo cortical imaging of the human
somatosensory and motor cortex in an ultrahigh field MR scanner. The
open-facebirdcage transmit coil couldnot only improvepatient comfort but
also facilitate the visualization of brain function. The open-face birdcage
transmit coil demonstrated substantial improvements in transmit efficiency,
B1+ uniformity, and SAR efficiency when compared with a conventional
shielded birdcage coil. The 24-channel flexible receiver head coil provided a
higher SNR and better image quality in anatomical imaging and functional
imaging than did the 48-channel head coil. Most importantly, clear CBV
changes could be obtained in the submillimeter VASO imaging using the
24-channelflexible receiver head coil. These findings indicate that the open-
transmit, 24-channel flexible receiver head coil assembly can be used for
fMRI to clarify themechanisms of the somatosensory andmotor cortex and
may thus be highly valuable for functional studies of the human brain.

Methods
RF coil design
Figure 9a, b is a 3D rendering and photograph, respectively of the open-face
birdcage coil assembled with the 24-channel flexible receiver head coil. The
open-face birdcage configuration was achieved by removing and adjusting
the legs of the 16-rung high-pass birdcage coil on the anterior side. Addi-
tionally, an open window (measuring 14 × 28 cm) was created on the RF
shielding to allow for an unobstructed view of the eyes. PINdiodes (Cat.No.
MA4P7435NM-1091T; Macom) were integrated into all legs except for the
leg adjacent to the facial openwindowand into each port of the transmit coil
to facilitate active detuning in the receivemode.The circuit schematics of the
open-face birdcage for simulation and experimental are illustrated in
Fig. 10a, b, respectively. The receiver arrays were not included in the
simulations. Two capacitors were set on the open ring. The simulated values
were 13 pF and 13 pF, while the experimental values were 15 pF and 12 pF.
The capacitors on the other rings were 9.7 pF in the simulation and 9 pF in
the experiment, using two capacitors with a value of 18 pF in series. The
matching capacitors were 9.7 pF in the simulation and 9.1 pF in the
experiment. The open-transmit coil was driven in the circularly polar-
ized mode.

The customized surface coil array was specifically designed for high
spatiotemporal-resolution MRI/fMRI of the cortical region via 24 closely
spaced loops with a diameter of 40-mm to maximize both the SNR and
parallel imaging performance. The geometrical layout of the receiver loops
was meticulously crafted to encompass the human somatosensory and
motor cortex, as illustrated in Fig. 9c. The receiver coil elements were fab-
ricated from 35 μm thick copper on a semi-flexible polyimide substrate and
mounted on a flexible cushion. The overlap decouplingmethodwas applied
to cancel the inductive coupling between neighboring loops.

Additionally, the next-nearest neighboring loops were decoupled
using the preamplifier decoupling method. Figure 9d shows the circuit
schematic of the receiver coil element, comprising a tuning circuit, a
matching circuit, and an active detune circuit. Elements 1–14 were sol-
dered directly onto the FR4 PCB boards with a matching capacitor of
27 pF, which were then securely housed inside the PCB box. Active
detuning was facilitated through the use of a PIN diode (Cobham,
DH80055-40N) in series with inductors L1 and L2, resonating with
capacitorCmat theLarmor frequency of 210.8MHz.When thePINdiode
was forward-biased, the resonant parallel circuit introduced a high
impedance in series with the loop. Conversely, when the PIN diode was
reverse-biased, preamplifier decoupling was achieved, transforming the
preamplifier input impedance (<2Ω) into a high-impedance series within
the loop. For surrounding coil elements 15–24, careful adjustments of
cable length and phase shifter settings were made for each loop to ensure
preamplifier decoupling, with matching capacitor of 27 pF. To minimize
Hall effect issues within the field-effect transistors, all preamplifiers were
oriented in the z-direction.

Bench measurements
The constructed open-transmit and 24-channel flexible receiver coil
underwent adjustment and evaluation using standardized bench metrics
under anthropomorphic head-and-neck phantom-loaded conditions. The
phantomhad a conductivity of 0.53 S/mand a relative permittivity of 55.4 at
210.8MHz. Tuning, matching, active detuning, and decoupling of the
receiver array coils were executed using a calibrated vector network analyzer
(Agilent, E5061B) and a power supply. This power supply provided DC
power (6.5 V) for the preamplifiers and facilitated manual switching of the
PIN diode bias (150mA/–30 V) supply for each receiver channel. The
unloaded-to-loaded quality factor ratio (QUL/QL) for Rx elements was
determined for an individual element with no cable attached using the S21
double-probe method55. The quality factor was calculated by dividing the
center frequency by the −3 dB bandwidth (BW) of the S21 curve. For
evaluating the tuning and matching of individual elements, S11 parameter
values were measured using the vector network analyzer. To assess
decoupling between two coil elements, S21 parameter values weremeasured
on the vector network analyzer using cables directly connected to the pre-
amplifier sockets. Throughout the decoupling test, all preamplifiers were
connected to the custom-made power supply. Only two coil elements were
tuned during the decoupling test, while all other coil elements were actively
detuned with the PIN diode under forward bias.

The open-transmit birdcage was tuned to the Larmor frequency and
matched to a 50Ω impedance to ensure power-matched conditions under
phantom loading. The power supply was also used to a provide current bias
with a 150mAcurrent for tuning the transmit coil anddetuning the receiver
array during the transmit mode.

EM simulation and validation
In this study, an optimized open-face birdcage head coil was designed using
electromagnetic (EM) simulations. The transmit efficiency, B1+ uniformity,
and SAR efficiency of the facial open-face birdcage coil were comparedwith
those of two different configurations and a conventional shielded birdcage
coil. Mean and RSD values were calculated in the two-dimensional (2D)
ROIs. Finally, an optimized open-face birdcage head coil was built and
validated on a whole-body 5T MRI scanner.

All the EM simulations were performed using the finite-integration
time-domain method and RF circuit co-simulation for optimizing the
capacitance values of the transmit coils inMicrowave Studio software (CST,
Darmstadt, Germany). The realistic humanhead voxelmodel (HUGO)was
used for theEMsimulation study.Thedielectric parameters arebasedon the
Gabriel dispersion relationships56. Three configurations were evaluated: (1)
a conventional shielded high-pass birdcage with 16 rungs; (2) an initial
open-face birdcage, in which the top two legs were removed from the
conventional birdcage structure to achieve a view window on the top face;
and (3) an improved open-face birdcage, which was designed based on the
previous configuration with an addition leg at the top of the Open-Face
window to improve transmit efficiency. All the configurations were driven
in the circular polarized mode. Both the simulated B1

+
field maps and

SAR10g maps were constructed by normalizing the accepted input power
with 1W. The open-face coils were tuned at 210.8MHz by adjusting the
capacitor values (except at the open window) on the end ring. The capa-
citance value on the open ring was optimized for both the open-face
birdcage coils.

MRI and experimental preparation
To fully assess the proposed coil, we performed several human MRI
experiments including (1) coil performance evaluation, (2) high-resolution
structural brain imaging over somatosensory and motor cortex, and (3)
high-resolution functional brain imaging with somatosensory and motor
tasks. All experiments were performed using a novel whole body 5.0TMRI
scanner (United Imaging Healthcare, Shanghai, China) with a 60-cm dia-
meter clear bore. The field homogeneity of the main magnet was about
0.02 ppmover an empty spherewith a 20 cmdiameter. The gradient system
was driven by a 3.5MW power amplifier, equipped with a maximum
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gradient strength of 120 mT/m and a slew rate of 200 T/m/s. The scanner
was equippedwith 96 receivers and 8 parallel transmitters. Each transmitter
was independently driven by anRFpower amplifier, eachwith a peak power
of 8 kW. Therefore, the total RF peak power of the scanner was 64 kW.

The experiments for coil performance evaluation and in vivo human
brain study were implemented with four healthy volunteers. All of them
were right-handed according to the Edinburgh Handedness Inventory
(Oldfield 1971). All the participants were healthy; had normal visual,
auditory, and tactile sensory function; and had no history of neurological or
psychiatric dysfunction. The protocol and data collection of the study were
approved by the ethics committee of Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences in accordance with the
Declaration of Helsinki.Written informed consent was obtained from each
participant following a detailed explanation of the study.

In the human motor experiment, an individual tapping of two fingers
(index and thumb) was interspaced with rest periods. This task engages
muscle extension and muscle flexion of the index and the thumb fingers.
The tapping frequency was self-paced at a frequency of approximately once
every 1 s. The tapping timing was locked to scanner triggers in units of 10
times to relaxation (TRs) (TR = 3 s for the BOLD, TR = 4.7 s for the VASO)
and contained visual cues when to tap which finger and for how long. Each
run consisted of 10TRs of task and 10TRs of rest, repeated ten times.Motor
tasks were performed with the right hand while the primary sensorimotor
cortex was imaged on both sides of the central sulcus in the left hemisphere.
The left hand was not engaged during any of the experiments of this study.

Data acquisition and analysis
In the B1

+
field measurements, the receiver coils were assembled within the

transmit coil. The B1
+ maps were acquired using a dual refocusing echo

acquisition mode (DREAM) sequence with the following parameters: time
of relaxation (TR) = 3000ms, time of echo (TE1/TE2) = 1.50/4.27ms, flip
angle = 54.7°, slice thickness = 10mm, field of view
(FOV) = 250 × 250mm2, and matrix size = 80 × 80. The simulated and
measured B1

+
field maps were constructed by normalizing the accepted

input power with 1W. In theMRI system, a directional coupler was used to
measure and monitor the transmitted RF power. The directional coupler
was connected in series at the transmit power amplifier to detect the forward
power and reverse power. Themeasurement point was at the coil plug level.
Notably, the measured B1

+
field maps were constructed after a –4 dB

transmission loss from the RF amplifiers to the coil plugs and a –0.3 dB loss
from coil plugs to the matched transmit coil.

For spatial-SNR comparisons, a two-dimensional (2D) gradient echo
(GRE) sequence was applied for signal acquisition with the following
parameters: TR/TE = 1000/15ms, BW= 130Hz/pixel, slice thickness = 5
mm, FOV= 200 × 200mm2, and matrix size = 256 × 256. Noise images
were acquired by setting the flip angle to zero. SNR maps were calculated
using the sum-of-squares method and were then normalized with the sine
value of the flip angle. The flip anglemapswere obtained using theDREAM
sequence. The inverse g-factor maps were evaluated with the acceleration
factors R ranging from 2 to 6 in both the A-P direction and R-L directions.
For temporal-SNR (tSNR) comparisons, single-shot GRE echo Planar
Imaging (EPI) images were acquired with following parameters: TR/TE =
3000/26.6ms, flip angle = 90°, FOV = 100 × 50mm2, matrix size = 128 ×
64, resolution = 0.8 × 0.8 × 0.8 mm3. For each voxel, the tSNR was calcu-
lated inMATLAB (MathWorks, Inc., Natick, MA, USA) as the mean value
divided by the temporal standard deviation. The BOLD fMRI parameters
were the same as for the tSNR scans.

To evaluate the coil capability of high-resolution imaging, a 2D GRE
T2* weighted sequence was applied with the following parameters: TR/
TE = 1671/34ms, flip angle = 30°, FOV = 180 × 180mm2, matrix size =
896 × 896, spatial resolution = 0.2 × 0.2 × 1mm3, receiver bandwidth = 30
Hz/pixel, and scan time = 12min and 49 s. The VASO sequence was based
on a 2D-EPI implementation. Slice-selective slab-inversion concurrent
measures of VASO and BOLD signals were acquired using a 5T scanner
with the following parameter: TRpair/TE = 4700/27ms, TI-1/TI-2 = 1300/

3700ms, resolution = 0.8 × 0.8 × 1.5mm3, GRAPPA = 3. The imaging slice
aligned to be perpendicular to the cortical layers of the hand representation
in the leftmotor cortex. This studywas approvedby theHumanExperiment
Ethics Management Committee of Shenzhen Institute of Advanced Tech-
nology, Chinese Academy of Sciences (no. SIAT-IRB-230928-H0673). All
participants provided written informed consent.

ForBOLDfMRI analysis, the acquired imagingdatawerepreprocessed
and analyzed using Statistical Parametric Mapping 12 (SPM12) (Wellcome
Centre for Human Neuroimaging, London, UK). Each participant’s EPI
images were corrected for geometric distortions caused by susceptibility-
inducedfield inhomogeneity.All functional brain volumeswere realigned to
the first volume and spatially normalized to a standard stereotactic space
using the template in theMontreal Neurological Institute (MNI) space. The
data were high pass-filtered with a time constant of 128 s. Multiple com-
parisons were corrected using the false discovery ratemethod, resulting in a
corrected voxel-level significance of P < 0.05.

For layer-specific analysis, concomitantly acquired time series con-
sisting of blood-nulled and BOLD contrasts were separately corrected for
motion using SPM12 (Wellcome Department of Imaging Neuroscience).
Motion-corrected time serieswere corrected forBOLDcontaminations by
means of dynamically dividing blood-nulled signals with not-nulled
BOLD signals using LayNii’s v2.2.1 LN_BOCO57. In order to mitigate
non-steady-state effects (transients of hemodynamic response), the divi-
sion was performed on a twofold temporally upsampled time series. This
form of BOLD correction in SS-SI VASO was originally developed for 7T
layer fMRI and was based on the assumption that the VASO T1-contrast
(in the Mz direction) is completely orthogonal to the BOLD T2* contrast
(in theMxy direction). Block design activation z-scores and beta estimates
were extracted with FSL-FEAT software. Layerification and columnifi-
cation were completed with the LN2_LAYERS program in LayNii soft-
ware. Layer extraction was manually constrained to Brodmann area 4,
which is an evolutionary older part of the primary motor cortex. In order
to pinpoint this area, we followed previously described landmarks58. In
short, we located the lateral part of the hand knob as the location on the
precentral gyrus with the shortest curvature radius and selected the cor-
tical patch medial to it.

Statistics and reproducibility
All statistical tests used, the sample sizes, the number of replicates, and how
replicates were defined are described in the corresponding methods.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The datasets generated during the current study are available from the
corresponding author upon reasonable request.

Code availability
All code is available in the followingGitHub repository: https://github.com/
Fsyuee/VASO.
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