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Abstract 

Integrated parallel reception, excitation, and shimming (iPRES) is a novel MRI 

coil design, in which radiofrequency (RF) currents and direct currents (DC) flow in the 

same coil elements to perform MR image acquisition and localized magnetic field 

shimming, respectively, with a single coil array. The purpose of this study was to 

implement dynamic shimming with a 32-channel iPRES head coil array, by dynamically 

updating the DC currents to shim individual slices within a single scan. Dynamic 

shimming is more effective than global static shimming, in which the same currents are 

used to shim the whole brain, and more efficient than slice-optimized static shimming, 

in which different currents are used to shim different slices, but in separate scans.  

To implement dynamic shimming, a Python script was written to send new DC 

current amplitudes and polarities to a DC power supply and a switch box connected to 

the iPRES head coil array, respectively, for each slice acquisition. This current-update 

process was optimized by performing timing measurements with an oscilloscope and by 

modifying the Python script to ensure that the DC currents to shim the ith slice were 

updated as efficiently as possible after the data acquisition of the (i-1)th slice and before 

the excitation of the ith slice.  

Magnetic field maps were acquired in a phantom and in a human brain with 

either dynamic shimming or slice-optimized static shimming, and the root-mean-square-
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error was calculated to evaluate the shimming performance of the dynamic shimming 

relative to slice-optimized static shimming. The results show that dynamic shimming 

with the iPRES head coil array was successfully implemented and that it was as effective 

as, but much more efficient than, slice-optimized static shimming.  
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1. Introduction  

The static magnetic field (𝐵") distribution inside the wide bore of an MR scanner 

is designed to be highly homogeneous. Magnetic field variations must be within a few 

parts per million (ppm), e.g., ±5 ppm (Overweg et al., 2008; Prince et al., 2006). In 

practice, the 𝐵" inhomogeneity deviates by much more than few ppm, either being 

caused by imperfect manufacture of the scanner, or being induced by magnetic 

susceptibility differences among anatomic structures. In vivo, 𝐵" perturbations mainly 

result from the latter, i.e., the subject itself. Specifically, in the human brain, the largest 

𝐵" distortions appear near the boundaries between tissue and air, such as the auditory 

passage, nasal aperture, mouth cavity, and sinus (Juchem et al., 2016).  

These 𝐵" differences dephase proton spins within the slice and then cause signal 

loss in 𝑇2∗ 	- weighted images. The linear magnetic field gradients used for spatial 

encoding are also affected by 𝐵" inhomogeneity, which leads to image blurring in spiral 

imaging or geometric distortion in EPI1 (Truong et al., 2014; Stockmann et al., 2017). In 

brain imaging, severe 𝐵" distortions occur in the frontal and temporal lobes, which 

limits the application of functional MRI (fMRI) and diffusion techniques (Stockmann et 

al., 2016). In MR spectroscopy (MRS), the 𝐵" inhomogeneity widens the frequency 

                                                   

1 A MR pulse sequence: Echo-planar imaging 
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bandwidths of water or fat in the image volume, which makes it harder to suppress 

water or fat signals (Juchem et al., 2016).  

Based on the principle of superposition, 𝐵" shimming is the process that consists 

in “tailoring” the 𝐵" distribution. Namely, a spatially variable magnetic field created by 

magnetic materials or current-carrying coils can be added to the inhomogeneous 𝐵" 

field, thus making the resulting 𝐵" distribution more homogeneous. Various shimming 

methods have been developed. These techniques can be grouped into two categories: 

passive shimming and active shimming.  

Passive shimming consists in placing small patches of magnetic materials, like 

iron, steel, or diamagnetic materials, in the scanner bore. The added magnetic patches 

can either increase or reduce the intensity of the magnetic field in different regions to 

homogenize the 𝐵" distribution. Passive shimming is an economical method and is 

highly efficient for shimming 𝐵" inhomogeneities from the magnet, but it lacks the 

flexibility to adjust the magnetic patches for changing the field to shim 𝐵" 

inhomogeneities from different subjects (Juchem et al., 2016; Prince et al., 2006). 
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Figure 1: Cross-section of an MR scanner. Active shim coils, both the 
superconductive and resistive shim coils, are shown in the diagram. The shim coils in 
the cryostat with liquid helium are superconductive shim coils, whereas the shim 
coils set right next to the gradients coils are resistive shim coils. 

Active shimming is the utilization of magnetic fields produced by DC currents 

flowing in coils placed inside the scanner. Active shim coils can further be divided into 

two types: superconductive shim coils and resistive shim coils. Figure 1 shows the 

placement of active shim coils inside an MR scanner. Superconductive shim coils are set 

together with the scanner installation, and are immersed inside the liquid helium-

containing dewar. Once the currents in the superconductive shim coils are adjusted to 

obtain the desired field correction, these current settings are not easy to change, because 

any abrupt change to the currents can generate a high voltage spike across the wires, 
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cause eddy currents in the coils, and further facilitate a magnet quench. Therefore, 

superconductive shim coils are only used to shim 𝐵" inhomogeneities from the magnet. 

Resistive shim coils placed inside the room-temperature bore of the scanner, between 

the main 𝐵" coils and the gradient coils, are typically arranged in spherical harmonic 

patterns, offering relatively low order shimming. Alternatively, resistive shim coils 

placed closer to the subject, called localized shim coils, can provide a better shimming 

performance over steep field disturbances. A major advantage of resistive shim coils 

over passive and superconductive shim coils is that the magnetic fields generated by 

resistive shim coils can easily be changed to shim different subjects (Juchem et al., 2011; 

Wachowicz et al., 2014). 

The following section provides a more detailed introduction about active 

shimming, including the conventional spherical harmonic shimming, multi-coil 

shimming, and shimming with integrated RF/shim coils. Then, the concept of dynamic 

shimming is explained, as well as the purpose of this project. 

1.1 Active shimming techniques 

1.1.1 Spherical harmonic shimming 

A magnetic field in free space satisfies the Laplace equation. In rectangular 

Cartesian coordinates, the Laplace equation is written as ?
@AB
?C@

+ ?@AB
?E@

+ ?@AB
?F@

= 0. The 

equation solutions are called spherical harmonic (SH) functions, and are a set of 
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orthogonal functions arranged with increasing orders. For Nth order SH functions, there 

are 2N + 1 terms. The magnetic fields corresponding to different SH terms can be 

generated by different sets of SH shim coils (except for the first-order terms, which are 

generated by the gradient coils). The superposition of magnetic fields created by 

different SH terms is used for 𝐵" shimming. Table 1 lists SH functions from first order to 

fourth order, and their terms per order in Cartesian coordinates. SH shimming with 

higher orders provides a more effective shimming of complex 𝐵" inhomogeneities 

(Juchem et al., 2016). For commercial scanners, however, SH shimming is typically 

restricted to second-order terms, as higher-order SH shim coils take up space inside the 

scanner bore and are expensive (Jezzard et al., 2006).  

Table 1: List of 1st, 2nd, 3rd orders of spherical harmonic functions, including the 
terms per order, and the 1st term of 4th order. Higher orders describe more complicated 
field distributions and offer more accurate 𝐁𝟎 shimming (Jezzard et al., 2006). 

Order Abbreviation Function 

1st
 o

rd
er

 

X x 
Y y 
Z z 

2nd
 o

rd
er

 XL zL − (xL + yL)/2 
ZX 3zx 
ZY 3zy 

XL − YL 3(xL − yL) 
XY 6xy 

3rd
 o

rd
er

 

ZW zW − 3z(xL + yL)/2 
ZLX 6zLx − (3/2)x(xL + yL) 
ZLY 6zLy − (3/2)y(xL + yL) 

Z(XL − YL) 15z(xL − yL) 
ZXY 30zxy 
XW 15xW − 45yLx 



 

 

6 

YW −15yW + 45xLy 

4th
 

or
de

r 
Z[ z[ − 3zL(xL + yL) + (3/8)(xL + yL)L 

1.1.2 Multi-coil shimming 

To address the limitation of SH shimming, multi-coil (MC) shimming has been 

proposed. This technique uses a set of localized shim coils that are not designed in a 

spherical harmonic pattern, but are uniformly, densely arranged and placed closer to the 

subject. Juchem et al. used a cylindrical design, with a set of circular coil loops fixed on a 

plastic cylinder (figure 2). Although the shim fields created by multi-coils are not 

orthogonal to each other, the MC shimming technique still has an efficient shimming 

performance because the coils are closer to the subject, and thus a low current supply is 

able to generate a sufficiently large 𝐵" field for shimming. Compared to low-order SH 

shimming, MC shimming can better reduce sharp 𝐵" changes and achieve a higher 

shimming performance. The low voltage supply and the coil design also reduce the 

power consumption as well as the cost (Stockmann et al., 2017).  

However, MC shim coils and RF coils, which are used for RF excitation/reception, 

are competing against each other for the space around the subject. To be specific, both 

the MC shim and RF coil arrays should ideally be placed close to subject to achieve a 

high shimming performance and signal-to-noise ratio (SNR), respectively. Two 

alternative MC designs have been proposed. If the MC array is closer to the subject, a 
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good shimming performance can be achieved at the expense of a lower SNR. On the 

other hand, if the RF coil array is closer to the subject, a higher SNR can be achieved at 

the expense of a lower shimming performance. Thus, MC shimming is limited by a 

tradeoff between the shimming performance and SNR (Juchem et al., 2012). 

 

 

Figure 2: Technical drawing (top) and experimental setup (bottom) of the 
cylindrical design of multi-coil shimming of the mouse brain. The mouse brain is in 
the center of the coil cylinder. The coil colors represent the different currents used for 
shimming the brain (Juchem et al., 2011). 

1.1.3 iPRES 

To address the limitation of the MC shimming technique, a novel iPRES coil 

design has been proposed (Han et al., 2013), which enables RF reception and localized 

𝐵" shimming with a single integrated RF/shim coil array rather than two separate RF 

and shim coil arrays.  In this new coil design, an RF current and a DC current for 

shimming can flow on the same coil to enable simultaneous RF signal reception and 𝐵" 

shimming, respectively. 
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An iPRES coil consists of several capacitors and inductors. The inductors, L, are 

used to bypass any capacitor and allow a DC current to flow in the loop, thereby 

generating a magnetic field that can be used for localized 𝐵" shimming. The inductors in 

the loop are chosen to be resonant at the Larmor frequency to provide isolation.  The coil 

is connected to a DC power supply, and two choke inductors, 𝐿^_`ab , are used to isolate 

the DC power supply from the coil to prevent loss of RF signals.  Figure 3 shows the 

schematic diagram of an iPRES coil. 

 

Figure 3: iPRES coil with inductors and capacitors in the loop and two chokes 
to isolate the DC power supply from the loop. The solid line in red represents the RF 
coil loop, whereas the blue dotted line is the DC loop (Darnell et al., 2016).  

A 32-channel iPRES head coil array was developed for brain shimming, and it 

was shown to provide a much more effective 𝐵" shimming than second-order SH shim 

coils alone. Figure 4 shows the design of the 32-channel iPRES head coil array. Since 

iPRES uses only one integrated RF/shim coil array positioned close to the subject rather 

than two separate RF and shim coil arrays, it not only takes up less space in the scanner 
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bore, but also allows both a high shimming performance and a high SNR (Truong et al., 

2014), as opposed to MC shimming.  

 

Figure 4: A. Schematic diagram of the 32-channel iPRES head coil array. B. 
Picture of the iPRES helmet (Truong et al., 2014).  

1.2 Dynamic shimming 

Global shimming, which can be applied to SH shimming, MC shimming, and 

iPRES, uses a single set of DC currents, and hence a single magnetic field, optimized to 

shim a large volume (e.g., the whole brain), but it cannot effectively shim extensive, 

localized 𝐵" inhomogeneities within such a large volume. When different slices or sub-

volumes are acquired sequentially, dynamic shimming has been proposed to provide a 

higher flexibility and shimming performance. It uses different sets of DC currents, and 

hence different magnetic fields, optimized to shim different slices or sub-volumes 

separately, and these currents are dynamically updated between the acquisition of each 

slice or sub-volume (Juchem et al., 2012).  
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The currents need to be updated right after the k-space data acquisition of the 

previous slice and right before the RF excitation of the next slice, and the time it takes to 

update these currents must be as short as possible to avoid increasing the total scan time 

for the data acquisition of all slices.  

However, for the dynamic shimming technique based on SH shim coils, the fast-

switching currents in each coil cause variation in the magnetic fields, which further 

induce high eddy currents and lead to image artifacts. The main reason is that the SH 

shim coils are inserted close to cold conducting structures and gradient coils (Sengupta 

et al., 2011). Generally, additional eddy current compensation is needed for the 

application of dynamic shimming, which in turn slows its speed. 

MC shimming and iPRES are less affected by eddy currents, as MC and iPRES 

coils are powered by lower voltages, corresponding to a reduced inductance in the coils 

(Stockmann et al., 2017; Truong et al., 2014). Thus, combined with the quick-switching 

performance of the power supply, there is a great potential to combine dynamic 

shimming and iPRES to achieve a more effective shimming. 

The purpose of this project was to implement dynamic shimming with a 32-

channel iPRES head coil array to achieve a more effective shimming of the brain than 

global shimming. The implementation of dynamic shimming is of great importance as it 
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would greatly improve the utility of the iPRES technique for both research (e.g., fMRI, 

diffusion tensor imaging) and clinical applications.
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2. Methods 

2.1 Hardware and dynamic shimming procedure 

The iPRES head coil array used in this work had 32 coil elements with 31 

independent DC currents that could be used to shim the human brain, as the two coil 

elements surrounding the eyes used the same current (Truong et al., 2014). These DC 

currents were supplied by a transmission control protocol/internet protocol (TCP/IP) 

controlled modular 32-channel DC power supply (Wiener MPOD LV crate). This power 

supply can provide a maximum current and voltage of 5A and 16V for each channel. 

The ramp time of each channel was set to the maximum of 500 V/s to provide fast DC 

current switching times for dynamic shimming. The DC power supply only controlled 

the amplitude of the DC currents applied in the coil elements, and hence the magnitude 

of the magnetic fields generated by the currents. Additionally, a custom TCP/IP 

controlled 32-channel switch box was used to control the polarity of each of these DC 

currents, and hence the polarity of the magnetic fields.  

The optimal DC currents to shim each slice in the brain were computed using 

Matlab (The Mathworks, Natick, MA) by minimizing the root-mean-square-error (RMSE) 

between a baseline 𝐵" map acquired in a subject and a weighted combination of basis 𝐵" 

maps1 acquired in a phantom. The amplitude and polarity of the optimal currents were 

saved to a file used to control the outputs of the power supply and the switch box. A 

                                                   

1 The basis 𝐵" maps represent the magnetic field per unit current generated by each iPRES coil element. 
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Python script running on an iMac computer (Apple Inc, Cupertino CA, USA) then read 

this file and sent the current amplitudes and polarities to the power supply and switch 

box, respectively, through a TCP/IP Gigabit Ethernet switch. The script was designed to 

wait for a trigger signal from the scanner at the beginning of each slice acquisition and 

then update the current amplitudes and polarities for all 31 channels (figure 5). 

 

Figure 5: Diagram explaining how the Python code waits for a trigger and 
uploads the current amplitudes and polarities to the power supply and the switch 
box, respectively.  

A schematic diagram of the dynamic shimming procedure is shown in figure 6. 

During an MRI scan, the MR scanner generates a 3.3-V trigger pulse at the beginning of 

each slice acquisition. This trigger pulse is then captured by a trigger box that converts it 

into a TCP/IP signal, which is then transmitted to the iMac computer. When this TCP/IP 

signal is received, the Python script running on this computer uploads the current 

amplitude and polarity for each channel to the power supply and the switch box, 

respectively, which allows the correct DC currents to flow into the iPRES coil elements 
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for shimming. This procedure is repeated to update the current amplitudes and 

polarities of all 31 channels for each slice acquisition.  

 

Figure 6: a. Schematic diagram of the dynamic shimming process. The arrows 
indicate the workflow. The black arrows represent a voltage or current, while the blue 
ones represent TCP/IP signals. The current polarity at the output of the power supply 
is always “+”, and the switch box can either leave it at “+” or change it to “-”. b. 32-
channel iPRES head coil array (top), switch box (middle), and DC power supply 
(bottom). 

2.2 DC current updating 

In order to achieve dynamic shimming with an iPRES coil array, the optimal DC 

currents must remain constant during each slice acquisition. That is, the DC currents 

must be updated and reach their steady-state amplitude before the RF excitation of a 

given slice and then remain constant until the k-space data acquisition of that slice is 

completed. To quantify this, the time required to update all current amplitudes and 
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polarities for one slice acquisition was measured with an oscilloscope (Rhode and 

Schwarz, Germany), as described in section 2.2.1. The software and hardware were then 

modified as described in section 2.2.2 to minimize this time, ideally to a few milliseconds, 

to avoid increasing the scan time.   

2.2.1 Timing measurements 

A four-channel oscilloscope was used to measure the time required to update the 

DC current amplitudes and polarities for all the coil elements. A 5-ohm power resistor 

was used to approximate the DC resistance of the iPRES coil elements so that the 

measured voltages represented typical values that occur during 𝐵" shimming. The 

specific oscilloscope measurements are listed below:  

1) Measure the delay time between the trigger from the trigger box and the beginning 

of the ramp of the 2nd channel2 at the output of the power supply, 𝑇cdef_gbhiE.. The 

same measurement was also performed at the output of the switch box, denoted as 

𝑇cdef_gbhiEL. The difference between 𝑇cdef_gbhiE. and 𝑇cdef_gbhiEL was then computed to 

determine the delay time between the power supply and the switch box.  

2) Measure the delay time between the beginning of the ramp of the 2nd channel and the 

beginning of the ramp of the 31st channel at the output of the power supply (as the 

                                                   

2 The 2nd channel was measured, as the first channel was broken and the current of this channel was set to 0 
A for shimming a human brain. 
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power supply turns on the channels sequentially), 𝑇 _ij_gbhiE.. The same 

measurements were also performed at the output of the switch box, 𝑇 _ij_gbhiEL. 

3) Measure the ramp-up and ramp-down times, 𝑇diklmnl and 𝑇diklmg`oj , with a DC 

current amplitude of 0.5A applied to the iPRES coil elements. These measurements 

were done for a single channel at the output of the power supply. 

2.2.2 Software and hardware modifications 

The Python script and the hardware setup were modified to optimize the current 

updating process. 

2.2.2.1 Python code modifications 

Three Python scripts (test_wienercontrol.py, switch.py, and test_tcp_client.py) 

were previously used to update the DC current amplitudes and polarities (for static 

shimming) and to read the trigger, respectively. These three scripts were first combined 

into a single script and modified to implement dynamic shimming, i.e., to wait for the 

trigger and to update the DC current amplitudes and polarities for each slice acquisition. 

However, the first script version was very inefficient. Several attempts were made to 

reduce the current-update time by modifying the section of the code that uploads the 

current amplitudes to the power supply, which was an inefficient section. More 

specifically, redundant lines from the script were first removed (2nd version). The code 

was then modified to simultaneously upload the current amplitudes for all 31 channels 

to the power supply rather than sequentially updating one channel at a time (3rd version). 
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Another potential issue was that the command used to upload the current amplitudes to 

the power supply was slow. A different command (setCmd) was thus tested with the 

aim of improving the DC current updating efficiency (4th version).  

The changes made to the script to reduce the current-update time were evaluated 

by measuring the delay time between the 2nd and the 31st channels of the power supply, 

𝑇 _ij_gbhiE., and by comparing this time with the measurements obtained with the 

original script. 

In addition, the section of the code that uploads the current polarities to the 

switch box was also modified. The original code sent a byte array to the socket of one 

channel, received a response from that socket, then sent another byte array to the next 

channel and so on, until all 31 channels were updated. The code was optimized by 

deleting the line to get a response from the sockets (5th version). This modification was 

evaluated by measuring the delay time between the 2nd and the 31st channels of the 

switch box, 𝑇 _ij_gbhiEL.  

2.2.2.2 Private TCP/IP LAN setup 

In practice, the TCP/IP data throughput of the LAN Gigabit Ethernet switch of 

the MR scanner may be decreased due to the workload from the large number of 

connected devices. To address this issue, a new private LAN dedicated for shimming 

was constructed by using a raspberry pi3 microcomputer and an additional Gigabit 

Ethernet switch (TL-SG108E). Specifically, the new Ethernet switch on the private LAN 
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had only three connected devices: the raspberry pi3, the power supply, and the switch 

box (figure 7). The Linux operating system was installed on the raspberry pi3 to enable 

execution of the Python script for shimming. The timing measurements described above 

were then repeated with this setup and compared with those obtained using the LAN of 

the scanner.  

 

Figure 7: a. Raspberry pi3, b. TP-Link 8-Port Gigabit Ethernet switch 

2.2.3 Current-update timing 

A gradient-echo spiral pulse sequence3 was used to acquire 𝐵" maps in multiple 

slices of a phantom or a human brain and to evaluate the performance of the dynamic 

shimming. Figure 8a shows the timing of this pulse sequence. The scanner sends out a 

trigger pulse at the beginning of each slice acquisition. Then, 4 ms after the trigger pulse 

is delivered, an RF pulse is applied to excite the spins in a given slice. After an echo time 

                                                   

3  In a spiral pulse sequence, the k-space data is acquired in a spiral trajectory, starting from the center and 
going to the edge of k-space. 
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(TE) of 30ms, the k-space data is acquired, which lasts 19 ms, resulting in a total 

acquisition time for one slice of 53 ms.  

As mentioned earlier, the DC currents used for shimming must remain constant 

during this acquisition time, be updated right after the end of the data acquisition, and 

become stable before the RF excitation of the next slice. The current-update timing was 

computed based on the timing measurements in the section 2.2.1 (see figure 8b), which 

will be described in more detail in section 3.1.3.   

 

Figure 8: a. Schematic diagram and timing of a spiral pulse sequence. b. Flow 
of the current-update procedure.  

2.3 Phantom experiment 

2.3.1 𝑩𝟎 map acquisition 

Phantom experiments were first carried out to evaluate the performance of the 

dynamic shimming. The purpose of these phantom experiments was not to shim the 

phantom, but to compare static vs. dynamic shimming with the same set of currents 

a 

b 
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typically used for shimming a human brain. The iPRES head coil array was steadily set 

on the patient table of a 3T MR750 scanner (GE Healthcare, Milwaukee, WI). The 

phantom used was a spherical water phantom with a diameter of 17 cm. Before iPRES 

shimming, second-order shimming with built-in SH shim coils was performed, and a 𝐵" 

map with no currents applied in the iPRES coil elements was acquired and denoted as 

𝐵",risbhejb. Then, DC current values optimized to shim 8 representative slices of a human 

brain (computed from a previous experiment), spaced 8 mm apart, were dynamically 

applied to the iPRES coil elements as described above to acquire a new set of 𝐵" maps 

with dynamic shimming. The 𝐵" maps were acquired with a gradient-echo spiral 

sequence (slice orientation = axial, repetition times (TRs) ranging from 500 ms * 8 to 300 

ms * 8, number of temporal frames = 5, TEs = 30/31ms, field-of-view (FOV) = 25.6 × 25.6 

cm, matrix size = 64 × 64, slice thickness = 4 mm, number of slices = 8).  

For comparison, 8 sets of 𝐵" maps were also acquired with static shimming in 8 

separate scans, using the same pulse sequence and scan parameters as above, except that 

the TR was 2 s. For example, the first set of 𝐵" maps was acquired after applying the DC 

currents optimized to shim the first slice in the iPRES coil elements. The first slice was 

then extracted from the first set of 𝐵" maps and combined with the second slice from the 

second set of 𝐵" maps and so on to generate a composite set of 𝐵" maps containing the 8 

slices shimmed with static shimming. 
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2.3.2 𝑩𝟎 map computation 

The 𝐵" maps were calculated from two separate sets of gradient-echo spiral 

images, which were acquired at two different TEs, 𝑇𝐸. and 𝑇𝐸L. Specifically, the images 

were reconstructed from the k-space dataset by Fourier transform, resulting in images 𝑆.xxx⃑  

(𝑇𝐸.), and 𝑆Lxxx⃑  (𝑇𝐸L). These complex images 𝑆.xxx⃑  and 𝑆Lxxx⃑  contained both magnitudes and 

phases, which can be described by equation 𝑆.,Lxxxxxx⃑ = 𝑆"xxx⃑ 𝑒m{∙}∙A~∙���,@, where 𝛾 is the 

gyromagnetic ratio. The 𝐵" map could thus be calculated as 𝐵" =
+1	(	��xxxx⃑ /	�@xxxx⃑ )

m�∙}(���m��@)
 .  

2.3.3 𝑩𝟎 map analysis 

To visually compare the performance of dynamic shimming vs. static shimming, 

the magnetic fields generated by the iPRES coil elements alone were further calculated 

by subtracting 𝐵",risbhejb from all other 𝐵" maps, ∆𝐵" = 𝐵" − 𝐵",risbhejb. The ∆𝐵" maps 

acquired with dynamic shimming were compared to those acquired from separate scans 

with static shimming. 

The 𝐵" RMSEs were used to quantitatively evaluate the performance of the 

dynamic shimming method. It was computed as 𝑅𝑀𝑆𝐸 = �(∆𝐵k − ∆𝐵j)L������������������. Two types of 

RMSE values were computed. The first one measured the shim field differences between 

dynamic and static shimming for a given temporal frame, in which case m and n 

represented dynamic and static shimming. The second one measured the shim field 

variations among different temporal frames acquired with either static or dynamic 

shimming, in which case m and n represented two consecutive frames. Comparing these 
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two types of RMSE values gives an indication of how accurate the dynamic shimming is 

(i.e., how close it is to the static shimming) relative to the variability among different 

temporal frames. 

2.4 Human experiment 

The dynamic shimming method was also evaluated in a human experiment. A 

healthy adult volunteer was provided written informed consent to participate in this 

study under a protocol approved by the Duke University Health System Institutional 

Review Board. The same scans as in the phantom experiment were acquired. For the 

dynamic shimming, the applied TRs were 350 ms*8 and 325ms*8. The optimal DC 

currents for shimming 8 slices were computed based on 𝐵",risbhejb maps acquired in this 

subject rather than on a previous subject. 
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3. Results 

3.1 DC current updating 

3.1.1 Timing measurements 

Figure 9a plots the output measurements from the trigger box and the 2nd and 31st 

channels of the power supply. The markers in the plot illustrate how the four times, 

𝑇cdef_gbhiE., 𝑇 _ij_gbhiE., 𝑇diklmnl, and 𝑇diklmg`oj , were measured. Specifically, the 

ramp time was measured with a 0.5 A DC current applied to the iPRES coil elements, as 

shown in figure 9b, and it was determined to be about 10 ms. Thus, the maximum ramp 

time corresponding to the maximum DC current of 2.5 A that could be applied in the 

iPRES coil elements was calculated to be about 50 ms, which will be used to determine 

the current-update timing in section 3.1.3. The measurements of 𝑇cdef_gbhiEL and 

𝑇 _ij_gbhiEL at the output of the switch box will be discussed in section 3.1.2.  
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Figure 9: a. Matlab plot of the oscilloscope measurements with three ports 
connected to the output of the trigger box and to the 2nd channel and 31st channel at 

a 

b 
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the output of the power supply. b. Plot of 𝑻𝒓𝒂𝒎𝒑m𝒖𝒑 measurement at the 2nd channel of 
the power supply, using a DC current of 0.5A. 

The measurements of the times 𝑇cdef_gbhiE., 𝑇 _ij_gbhiE., 𝑇diklmnl, and 

𝑇diklmg`oj  are reported in Table 2. Each measurement was repeated three times to 

determine the repeatability. 

Table 2: Timing measurements of 𝑻𝒕𝒓𝒊𝒈_𝒅𝒆𝒍𝒂𝒚𝟏, 𝑻𝒄𝒉𝒂𝒏_𝒅𝒆𝒍𝒂𝒚𝟏, 𝑻𝒓𝒂𝒎𝒑m𝒖𝒑 and 
𝑻𝒓𝒂𝒎𝒑m𝒅𝒐𝒘𝒏 (in ms), including three repetitions, the averages, and the standard 
deviations.  

 𝑻𝒕𝒓𝒊𝒈_𝒅𝒆𝒍𝒂𝒚𝟏  𝑻𝒄𝒉𝒂𝒏_𝒅𝒆𝒍𝒂𝒚𝟏  𝑻𝒓𝒂𝒎𝒑m𝒖𝒑 𝑻𝒓𝒂𝒎𝒑m𝒅𝒐𝒘𝒏 
Measurement #1 47 1074 9.3 6.5 

Measurement #2 52 1066 9.8 6.4 

Measurement #3 48 1028 9.7 6.6 

Average 49 1056 9.6 6.5 

Standard deviation 2.65 24.58 0.265 0.1 

3.1.2 Software and hardware modifications  

3.1.2.1 Python code modifications 

Python code modifications were made as described in subsection 2.2.2.1 to 

improve the current-update efficiency. The measurements of the delay time 𝑇 _ij_gbhiE. 

for each modification of the Python script are reported in table 3 and shown in figure 10. 

The first version took more than 1 s to set the current amplitudes for all 31 channels. 

This time was reduced to 262 ms after removing redundant lines from the script (2nd 

version), and was further reduced to 10.5 ms when simultaneously uploading the 
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current amplitudes of all 31 channels to the power supply (3rd version) rather than one at 

a time. Using a different command to upload the current amplitudes to the power 

supply (4th version) showed no remarkable improvement in the current updating 

efficiency.  

Table 3: 𝑻𝒄𝒉𝒂𝒏_𝒅𝒆𝒍𝒂𝒚𝟏 (in ms) measurements for each modification of the Python 
script. In the 2nd, 3rd, and 4th versions, modifications were made by removing 
redundant lines from the script, simultaneously activating all 31 channels of the 
power supply, and replacing the command to upload the current amplitudes to the 
power supply, respectively.  

 2nd version 3rd version 4th version 
Measurement #1 252 12.1 10.2 

Measurement #2 263 9.6 10.6 

Measurement #3 270 9.9 10.5 

Average 262 10.5 10.4 

Standard deviation 9.1 1.4 0.2 
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Figure 10: Average delay time 𝑻𝒄𝒉𝒂𝒏_𝒅𝒆𝒍𝒂𝒚𝟏  (in ms) showing that the code 
modifications kept improving the current-update efficiency.   

When the line of code to get a response from the socket was removed (5th 

version), however, one problem arose in that the time interval between two adjacent 

byte arrays sent to the switch box, which contain the information about the current 

polarities, was reduced to a point where it caused the switch box to not distinguish 

between the two byte arrays so the switch box was left in an unknown state.  To solve 

this problem, a “wait” command, time.sleep (third box in figure 11), was inserted before 

sending each byte array in a “for” loop to the switch box. The minimum waiting time 

interval for the switch box to be able to read the two byte arrays was measured to be 6 

ms. Longer waiting times (≥ 6 ms) were therefore adopted in the subsequent phantom 

and human experiments.  
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After combining all code modifications made, figure 11 displays the new Python 

script, where the second box shows that the current amplitudes of all 31 channels were 

simultaneously set by using a single command, and the third box shows that the first 

byte array to set the current polarity of the 1st channel was sent after a waiting time of 6 

ms. However, in this version, the 2nd channel of the switch box sets the current polarity 

much faster than the same channel of the power supply sets the current amplitude. Thus, 

the delay time between the trigger and the start of the current variation of the 2nd 

channel (due to a change in current polarity rather than amplitude), 𝑇cdef_gbhiEL, which 

was measured to be about 24 ms, is shorter than the delay time 𝑇cdef_gbhiE. (52.5 ms). 

Figure 13 shows the schematic illustration of these two delay times.  

 

Figure 11: The excerpt above shows portions of the 5th version of the Python 
script. The first box is the line waiting for a trigger signal, and all lines after the box 
only run after receiving a trigger. The second box is the line to simultaneously set the 
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current amplitudes of all 31 channels of the power supply. The last box indicates the 
inserted waiting time to replace the line to get a response from the socket. 

3.1.2.2 Private LAN setup 

The delay time between the open circuit voltage of the 2nd and 31st channels at the 

output of the power supply, 𝑇 _ij_gbhiE., was measured with the 5th version of the 

Python script running on the raspberry pi3 microcomputer (Figure 12). The averaged 

delay time, 𝑇 _ij_gbhiE., was measured to be 896 ms, which was much longer than when 

using the original LAN setup (10 ms). An advantage of the private LAN is the 

potentially higher data throughput, but a disadvantage is the slower CPU1 of the 

raspberry pi3 (4 × ARM Cortex-A53, 1.2 GHz processor, and 512 kB Level 2 cache 

memory) compared to the iMac (4 × Intel Core i5, 3.3GHz processor, and 8GB of 

1600MHz DDR3 memory). Because of this trade-off, the private LAN did not show any 

benefit to improve the current-update efficiency in our current setup, but this concept 

can be further explored in future work. Thus, the original LAN setup was still used. 

                                                   

1 Central Processing Unit 
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Figure 12: Plot of the delay time, 𝑻𝒄𝒉𝒂𝒏_𝒅𝒆𝒍𝒂𝒚𝟏, measured between the 2nd and 
the 31st channels at the output of the power supply. 

3.1.3 Current-update timing 

The current-update timing (Figure 13b, c) was determined from the timing 

measurements described in sections 3.1.1 and 3.1.2.1 to ensure that the DC currents to 

shim the ith slice were updated after the end of the data acquisition of the (i-1)th slice, but 

before the RF excitation of the ith slice. Since the delay time between the trigger and the 

end of the DC current update for all 31 channels was much longer than the delay time 

between the trigger and the RF excitation (4ms), the trigger from the (i-1)th slice was used 

to update the DC currents for the ith slice. A 30 ms wait time, 𝑇ejcbd�ih., was inserted in 

the Python script right after receiving the trigger signal and before setting the current 
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amplitudes (line above the second box in figure 11) to ensure that the DC current-update 

process started right after the data acquisition of the (i-1)th slice. 

The minimum TR was then determined by considering the time to update the 

DC current amplitudes and polarities of all 31 channels. After the trigger, updating the 

DC current amplitudes took a total time equal to the sum of the wait time 𝑇ejcbd�ih. (30 

ms), the delay time 𝑇cdef_gbhiE. (52.5 ms), the delay time between the 2nd and 31st channels 

at the output of the power supply 𝑇 _ij_gbhiE. (10.5 ms), and the ramp time 𝑇dikl for a 

maximum current of 2.5 A (50 ms). After the trigger, updating the DC current polarities 

took a total time equal to the sum of the wait time 𝑇ejcbd�ih. (30 ms), the delay time 

𝑇cdef_gbhiEL (24 ms), and the time interval to update all current polarities 𝑇 _ij_gbhiEL	(~ 6 

ms * 31 channels). With these timing parameters, the time to update the DC current 

amplitudes and polarities of all 31 channels should be equal to max(𝑇ejcbd�ih. +

𝑇cdef_gbhiE. + 𝑇 _ij_gbhiE. + 𝑇dikl, 𝑇ejcbd�ih. + 𝑇cdef_gbhiEL + 𝑇 _ij_gbhiEL) = max(143,   240) 

ms = 240 ms. The minimum TR to acquire 8 slices is thus 240 ms * 8 slices. In practice, an 

extra time 𝑇ejcbd�ihL is also added after 𝑇 _ij_gbhiEL to account for any additional delays 

not predicted by the timing measurements. In the MRI experiments, different 

𝑇 _ij_gbhiEL and 𝑇ejcbd�ihL values, resulting in different TRs, were used to verify these 

timing parameters and to optimize the current-update efficiency. 
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Figure 13: a. Schematic diagram of the gradient-echo spiral pulse sequence for 
the acquisition of two slices. b, c. Design of the current-update timing to ensure that 
the DC current amplitudes and polarities to shim the second slice are updated after 
the data acquisition of the first slice and before the RF excitation of the second slice. 

3.2 Phantom experiment 

3.2.1 𝑩𝟎 map analysis 

Figure 14 shows the eight ∆𝐵" maps obtained with either static shimming or 

dynamic shimming (left) as well as the differences between them (right). First, the 

minimum 𝑇 _ij_gbhiEL was investigated in order to optimize the current-update 

efficiency and to shorten the scan time. The results are shown in figure 14a, where 

𝑇 _ij_gbhiEL was set to 10 ms * 31, 7 ms * 31, 6 ms * 31, and 5 ms * 31, and 𝑇ejcbd�ihL was 

set to ≥ 90 ms. The ∆𝐵" maps acquired with dynamic shimming and with 𝑇 _ij_gbhiEL ≥ 

6 ms * 31 showed a good agreement with those acquired with static shimming. However, 

those acquired with 𝑇 _ij_gbhiEL = 5 ms * 31 were completely different. Thus, a 

a 

b 

c 
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𝑇 _ij_gbhiEL of 6 ms * 31 was considered to be the optimal value, which is consistent with 

the previous timing measurements.  

Figure 14b further explored the minimum 𝑇ejcbd�ihL, and hence the minimum TR, when 

using the optimal 𝑇 _ij_gbhiEL. The TR was gradually reduced by 10 ms * 8 from 350 ms * 

8 to 300 ms * 8.  The ∆𝐵" maps acquired with dynamic shimming and with TR ≥ 320 ms 

* 8 were similar to those acquired with static shimming. However, those acquired with 

310 ms * 8 had larger differences, showing that the minimum 𝑇ejcbd�ihL was 80 ms and 

that the minimum TR was 320 ms * 8. 

 

 
Figure 14: Slice-optimized ∆𝑩𝟎 maps in 8 slices obtained with either static or 

dynamic shimming (left) and the differences between them (right), which visually 
compares the shimming performance of these two techniques. 
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3.2.2 𝑩𝟎 RMSEs 

Figure 15a, b show the RMSEs between the ∆𝐵" maps acquired with dynamic 

and static shimming for a given temporal frame. These results show that high RMSE 

values were measured when 𝑇 _ij_gbhiEL was shortened to 5 ms * 31 or when 𝑇ejcbd�ihL 

was shortened to 70ms, respectively, which indicated the failure of the dynamic 

shimming. Figure 15c shows the RMSEs among different temporal frames acquired with 

either dynamic or static shimming. In general, the shimming performance of the 

dynamic shimming technique was comparable to that of the static shimming.   

 

a 

b 
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Figure 15: Line charts of the 𝑩𝟎 RMSEs (in Hz) in the 8 slices. a, b. RMSEs 

between the ∆𝑩𝟎 maps acquired with dynamic and static shimming shown in figure 
14a, b, respectively. c. RMSEs among different temporal frames acquired with either 
dynamic or static shimming. 

c 
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3.3 Human experiment 

Figure 16 shows the 𝐵" maps acquired in the human experiment before 

shimming (baseline) and after shimming with either static or dynamic shimming. The 

results show that the 𝐵" maps acquired with either static shimming or dynamic 

shimming were similar, although there were more variations between the static and 

dynamic shimming than in the phantom experiments. Additional experiments are 

needed to further investigate this issue. Nevertheless, these preliminary results show 

that the 𝐵" inhomogeneity was reduced by using either static or dynamic shimming, and 

that dynamic shimming worked in a human experiment.  
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Figure 16: Baseline 𝑩𝟎 maps and 𝑩𝟎 maps acquired with static shimming or 
dynamic shimming.  
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4. Discussion and conclusion  

In this work, dynamic shimming with a 32-channel iPRES head coil array was 

implemented by dynamically updating the DC current amplitudes and polarities to the 

programmable DC power supply and polarity-switch box, respectively, for each slice 

acquisition within a single scan, and by optimizing various timing parameters to 

synchronize the current-update process with the MRI scan. The implementation was 

successful, but the current-update efficiency was relatively low, as the current-update 

took hundreds of milliseconds rather than, ideally, a few milliseconds, which in turn 

increased the total scan time.  

The current-update efficiency can be improved by further optimizing the Python 

script. More specifically, the section of the code that uploads the current polarities to the 

switch box is currently uploading them sequentially for all 31 channels, which requires 

186 ms. However, other commands can be investigated to simultaneously set the current 

polarities for all 31 channels, as for the current amplitudes, which could significantly 

improve the current-update efficiency.  

There were larger differences between the 𝐵" maps acquired with static and 

dynamic shimming in the human experiment than in the phantom experiments, which 

requires further investigation. Nevertheless, both the static and dynamic shimming 

could reduce the 𝐵" inhomogeneity in the human brain to a comparable level. 



 

39 

Although further efforts are needed to improve the DC current-update efficiency 

and to reduce the scan time, the results of this work showed that dynamic shimming 

with a 32-channel iPRES head coil array was successfully implemented and that its 

shimming performance was comparable to that of static slice-optimized shimming. 

Dynamic shimming provides a more effective shimming than global static shimming 

and a more efficient shimming than static slice-optimized shimming, which is expected 

to greatly improve the utility of the iPRES technique for many research and clinical 

applications. Furthermore, while dynamic shimming was implemented for a 32-channel 

iPRES head coil array used for brain imaging in this work, the same concept can also be 

applied to other types of iPRES coil arrays, such as iPRES body (Darnell et al., 2017) and 

breast (Ma et al., 2018) coil arrays. 
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