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Abstract
Blood-oxygen-level-dependent (BOLD) signal has been commonly used in functional magnetic resonance imaging (fMRI) to
observe the activity in different areas of the brain or other organs. This signal is difficult to simulate, because its amplitude is
nearly 1~3% and it is influenced by multiple factors. This study aimed to design and construct an active BOLD simulation
phantom and test its stability and repeatability. The phantom consisted of two perpendicular loops. The BOLD signal was
simulated by different stimuli generated by a regular periodic vibration current and transmission loops. Three scanners
(Siemens skyra 3.0 T, Siemens verio 3.0 T, and GE signa HD 1.5 T) were used to test the stability and repeatability of the
BOLD signal detection of the phantom. The percent signal change (PSC) was calculated for each stimulus. At baseline, the
phantom exhibited stability, and the average signal variation was below 1% as revealed by the three scanners. The SNR of ROIs
with different sizes were markedly high, being 2326.58 and 2389.24; and the ghosting ratio were 0.39% and 0.38%, and the
stimuli detection efficiency for Siemens verio and Siemens skyra was 60% and 75%, respectively. The repeated scans of the same
scanner for different stimuli were highly reproducible. In the three scanners, the PSC at the same location varied from nearly 1 to
3%. The areas activated on the phantom revealed by different scanners were comparatively consistent. The phantom designed for
fMRI quantitative quality control displays good adaptability to different scanners and is easy to operate. It can reliably collect data
by simple data processing.
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Abbreviations
BOLD Blood-oxygen-level-dependent
fMRI Functional magnetic resonance imaging
SNR Signal-to-noise ratio
ROI Region of interest
PSC Percent signal change

Gd-DTPA Gadolinium-diethylenetriamine pentaacetic acid
FOV Field of view
TFN Temporal fluctuation noise
TFNR Temporal fluctuation noise ratio
SPM Statistical parameter map

* Jianfeng Qiu
jfqiu100@gmail.com

Tiao Chen
15071051402@163.com

Yue Zhao
smile15986@163.com

Chuntao Jia
jiachuntao1234@163.com

Zilong Yuan
yuanzilong0213@126.com

1 Medical Engineering and Technology Research Center, Shandong
FirstMedical University& Shandong Academy ofMedical Sciences,
Taian 271016, China

2 Department of Radiology, Hubei Cancer Hospital, Tongji Medical
College, Huazhong University of Science and Technology,
Wuhan 430079, China

3 Radiology Department, Shandong First Medical University &
Shandong Academy of Medical Sciences, Medical Sciences, No.
619, Changcheng Road, Taian 271016, China

4 Shandong University of Science and Technology, Qingdao 266590,
China

https://doi.org/10.1007/s11517-020-02133-9
Medical & Biological Engineering & Computing (2020) 58:831–842

/Published online: 8 February 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s11517-020-02133-9&domain=pdf
mailto:jfqiu100@gmail.com


1 Introduction

Functional magnetic resonance imaging (fMRI) is an effective
tool for noninvasively studying the neurophysiological brain
activity. The technique is based on the theory of blood-
oxygen-level-dependent (BOLD). Through this technique, the
hemodynamic response related to neuronal signal can be
assessed by taking advantage of difference in magnetic suscep-
tibility of deoxygenated and oxygenated blood. It has been
established that the BOLD signal amplitude on the T2* image
varies by approximately 1–3% [1, 2], and its signal peaks about
5-8s post stimulation before falling back to the baseline level
almost at the same time [3]. This signal amplitude change is
very small in relation to the imaging signal produced by the
brain tissue itself. Consequently, in order to detect BOLD sig-
nals at good resolution, sufficient time and signal detection
efficiency are needed. It should also be noted that multiple
properties of the magnetic resonance (MR) scanner itself, in-
cluding the magnetic field intensity, gradient, sequence design,
and data processing protocol, can influence signal detection. In
addition, during functional MR scanning, normal physiological
processes like breathing, pulse, and head movement impact the
BOLD signal and affect reproducibility [4, 5].

Collectively, these factors necessitate quality control (QC)
analysis for fMRI. It is necessary to quantitatively establish
the detection efficiency of the BOLD signal produced by MR
system prior to fMRI analysis. Currently, there are two main
types of phantoms used in quality control analysis of an MR
system, i.e., the digital phantom and the physical phantom.
These approaches are used to optimize image acquisition strat-
egies, image post-processing, and image reconstruction algo-
rithms and to compare the performance of differential imaging
systems [6–8]. It should be noted that these phantoms do not
account for the real (MR) system behavior including the noise
introduced during the imaging process, such as noise from the
MR power amplifier, preamplifier, transmit/receive, and digi-
tization (A/D) error [9]. On the other hand, because the ground
truth of the physical phantoms’ parameters is well established,
acquired experimental data is regarded the gold standard [10].
The QC of MR systems is normally done by physicists and
technicians using physical phantom as auxiliary tools for in-
spection. Compared to digital phantoms, physical functional
MR phantoms are more effective. Physical phantoms are
therefore better suited for objective testing and are typically
interpreted by technologists and physicists to determine if the
MR system meets clinical demands. However, conventional
quality control phantom and scanning protocols, based on the
American College of Radiology (ACR) standard and AAPM
report, only evaluates spatial resolution, geometric distortion,
layer thickness and accuracy, image uniformity, signal ghost
ratio, and low contrast resolution of MRI imaging. Currently,
detection sensitivity for BOLD-related signals cannot be
calibrated.

Multiple studies have explored fMRI quality control
methods. A study mimicking the T1 and T2 properties of the
gray matter evaluated a range of static MR scanner features
including SNR and noise but could not simulate task-related
stimulation [11]. Another study used two liquids with slightly
different T1, T2, and T2* to mimic the control and activation
states of the brain and moved the “control part” and “activa-
tion part” manually to the center of the coil during the exper-
iment [12], making the approach cumbersome. Current-
induced magnetic field has also been used to change the local
magnetic field (B0) near the conductor. This approach has the
advantage that signal changes are easily synchronizable with
fMRI experiments. However, the phantom used in this study
had a small area for analysis, making it susceptible to magnet-
ic field heterogeneity [13].

In a bid to limit the shortcomings highlighted above, we
developed a BOLD signal simulation phantom, and applied it
in the assessment of SNR, SFNR, and ghost signal ratio and
carried out a block design experiment of adjustable stimulus
size and duration. Furthermore, we evaluated the signal detec-
tion efficiency and percent signal change (PSC) using differ-
ent frequently used scanners.

2 Materials and methods

2.1 Phantom properties

A polymethylacrylate cylinder tube with an inner diameter of
14 cm and a height of 15 cm was created using a 3D printer
with a wall thickness of 1 mm. Four small holes of 1 mm in
diameter were punched on the upper and lower sides of the
cylinder, with each hole having a pitch of 2.5 cm. Enameled
copper wires of 1-mm diameter were passed through the po-
sitioning holes. The agarose gel (31.5 g of agarose powder,
21.0 g of sodium chloride, and 4.2 ml of gadolinium
diethylene-triamine pentaacetic acid (Gd-DTPA) dissolved in
2100 ml of water) was then poured into the phantom before it
was finally packaged (Fig. 1a, b).

2.2 Stimulation circuit

Based on the 51 single-chip microcomputer, a stimulation
circuit capable of outputting a square wave was designed
(Fig. 2). The size and frequency of the generated circuit can
be adjusted. The voltage could be adjusted within the range of
0–5 V and the current can be varied within 0–240 mA, while
the frequency can reach 500 Hz. Therefore, different BOLD
stimulation scenarios could be simulated. As illustrated in Fig.
1 c and d, the stimulation circuit was placed outside the shield
room and connected to the phantom in the dedicated head-
neck coil via a copper wire, to avoid direct effects of the
magnetic field and RF pulses on the stimulation circuit.
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2.3 Theory

For a voxel at a certain distance from a wire, the MR signal
magnitude depends on its distance from the wire and the cur-
rent level in the wire (including the current direction). If the
wire is thin and straight enough and its radius is a, then the
current-induced magnetic field can be expressed as follows:

B ¼ μ0I
2πa2

r inside the wireð Þ ð1Þ

B ¼ μGelI
2πr

outside the wireð Þ ð2Þ

where r denotes the distance from a voxel to wire center. μ0
denotes the permeability of vacuum. μGel indicates the relative
permeability of agarose gel. According to Eq. 1 and Eq. 2, it
can be inferred that the larger the current (I) is, the larger the
induced magnetic field (B). The closer voxels are located in-
side the wire, the smaller the induced magnetic field. When
voxels are located outside the wire, the farther they are from
the center, the smaller the induced magnetic field. The

maximum magnetic field is induced on the surface of copper
wire when these conditions are reversed.

The current direction is parallel or antiparallel to the main
magnetic field (B0), and the induced magnetic field produced
by the current is always perpendicular to the B0 according to
right hand grip rule.

2.4 Scanning protocol

Field map scanning and fMRI scanning were performed on
three different MR scanners (GE Signa HD 1.5 T, Siemens
Verio 3.0 T, and Siemens Skyra 3.0 T). T1 Mapping scan
using double-flip-angle technology was acquired with the rep-
etition time (TR) of 15 ms, echo time (TE) of 2.08 ms, flip
angle 1 (5°), flip angle 2 (26°), and 30 slices. 5-echo technol-
ogywas employed in both T2*mapping and T2mapping. The
parameters were as follows: TR = 789 ms, TE1-TE5 (4.36 ms,
11.90 ms, 19.44 ms, 26.98 ms, 34.52 ms), 20 slices; and TR =
1511 ms, TE1-TE5 (13.8 ms, 27.6 ms, 41.4 ms, 55.2 ms,
69.0 ms), 20 slices, respectively. The following parameters

Fig. 1 a A schematic diagram of
the internal structure of the
phantom. b A photograph of the
phantom. c The phantom was
placed in the dedicated head-neck
coil; d the stimulation circuit was
placed outside the shield room
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for all mapping charts were consistent: FOV = 200 mm ×
200 mm, the slice thickness is 3 mm with a 0.6 mm gap,
NEX = 1, matrix size = 384 × 384 (Fig. 3).

The single-shot echo planar imaging (EPI) was used in
fMRI scan sequence, and the parameters were set as follows:
TR = 2000 ms, TE = 30 ms, Flip Angle = 90°, 11 slices, the

slice thickness = 5 mm, without gap, interval scanning,
FOV = 240 × 240 mm, Matrix = 64 × 64, 100 scans.

The fMRI block design: baseline (no current in the circuit),
active state (8, 12, 24, 48 mA). The scans followed the para-
digm of alternative baseline-active states, each of which lasted
10 s. Only one copper wire in the phantom was connected to
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Fig. 2 (a) A schematic diagram of the stimulation circuit; (b) the mode of stimulation circuit output stimulation

Fig. 3 a The field mapping; b the
T2* mapping of the phantom
center
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the stimulus circuit. As a comparison, the other copper wire
was not introduced into the stimulus circuit. To detect the
consistency of stimuli signals, the exams were performed
twice with the same parameters. Data analysis was performed
using Matlab 2013b (The MathWorks, Inc., Natick, MA,
USA).

2.5 Evaluation program and analysis parameters

The average signal intensity of voxels in 100 successive im-
ages was obtained. Static space noise was measured according
to the National Electrical Manufacturer’s Association
(NEMA) [8]. Even and odd signal in the image were summed,
and the difference between them was the static spatial noise.

Static Spatial Noise

¼ Image Numbenrodd−Image Numbenrevenj j ð3Þ

The standard deviation of the image signal values for each
voxel at 100 time points is temporal fluctuation noise (TFN).

The ratio of the mean signal value of the ROI (9 pixel) in
the center region of the phantom to its fluctuating noise was
defined as the temporal fluctuation noise ratio (TFNR).

At baseline state, the mean signal intensity and static space
noises of large ROIs (9 pixels) composed of 100 successive
images in the same layer were used to evaluate the signal-to-
noise ratio (SNR).

SNR ¼ SignalROI=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Noisesummary=100time point
q

ð4Þ

Also, at baseline state, the mean signal intensity of large
ROI (9 pixel) composed of 100 successive images and the
mean background signals from each side (upper, lower, left
and right) of the peripheral phantom were obtained. The
ghosting ratio was computed as follows:

Ghosting Ratio

¼ ROIupþROIdownð Þ− ROIrightþROIleftð Þj j.
2�ROIcenter

ð5Þ

The mean signal value for large ROI (9 pixels) in the inter-
mediate layer of the phantom (copper wire in the ROI) was
extracted to obtain a time-signal intensity curve. The mean
value of signals with the most obvious change at continuous
time points was denoted as “Active,” and the average of basal
signal values was defined as “Baseline.” The difference be-
tween them was divided by baseline and multiplied by 100%
to obtain the percent signal change (PSC).

PSC ¼ Active−Baselinej j
Baseline

� 100% ð6Þ

2.6 Sensitivity

Sensitivity was defined as detection efficiency of a stimulus of
an identical frequency through 100 time points. The respective
stimulation sensitivities were obtained according to Eq. 7.

Sensitivity ¼ NActual

NTheoretical

� �

� 100% ð7Þ

where the NActural denotes the number of stimuli actually de-
tected, and NTheoretical denotes the theoretical number of
stimuli.

2.7 Repeatability

To assess the phantom signal stand-alone consistency, three
MR scanners were employed repeatedly with the same proto-
col, and then their stimuli detection efficiency was calculated.

2.8 Active jamming analysis

Periodic current was introduced into the phantom to simulate
the task stimulation. To better analyze active interference, we
shortened the stimulation period to 12 ms, in which the stim-
ulation lasted for 6 ms. In addition, the radio frequency exci-
tation and gradient switching generated induced current in two
pairs of coils. The stimulated and induced currents were mon-
itored by an oscilloscope and detected in real time.

2.9 Statistical parameter map processing

Raw data obtained by different scanners were imported into
statistical parameter map (SPM) for preprocessing, such as
slice timing and motion correction. The first-order analysis
of a single subject was carried out. Then t-value maps of the
phantom were obtained by GLM analysis.

3 Results

3.1 Phantom properties

In conditions of no power, 7 regions of interest (ROIs) were
selected through the field map, T1 and T2*, T2 mapping
scanning. These ROIs were selected from both center of the
phantom and regions around it. The areas of ROI 1, 2, and 3
were gradually increased while those of ROI 3–7 were set at
3 cm2. The signal distribution in the phantom was observed
and the T1, T2, and T2* values of the central and peripheral
regions of the phantom are shown in Fig. 3 and Table 1. The
mapping diagram revealed that the four wires carried equal
signals, and the average T1 value was significantly lower than
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that of the peripheral region, while the signals obtained from
the peripheral region were identical.

3.2 Signal stability of agarose in the phantom

Two ROIs (9 pixels, 4 pixels) from the center of an image
acquired using baseline parameters were selected. Analysis
of the signal from the central region indicated that it was
stable, with an average signal strength fluctuation within 1%
and a signal range variation of less than 10 (Fig. 4, Table 2),
highlighting the feasibility of using this strategy in subsequent
BOLD analysis.

3.3 Motion analysis of the phantom in magnet

Further analysis of motion correction revealed that the trans-
lation and rotation of phantom was not obvious as phantom
translation did not exceed 0.1 mm while rotation was below
0.1 degrees (Fig. 5).

3.4 Characteristic of the phantom under stimulation

Various indexes of the phantom system at baseline state are
shown in Table 2. The sensitivity of the measurements to
detect BOLD signals depended on the signal-to-noise ratio
(SNR). A 24-mA current was used in the analyses of the
different ROIs to demonstrate the time-signal intensity
curve within the same layer of the phantom (Fig. 6).
Distinct intensity ranges (amplitudes), with highly

consistent waveforms, were obtained for different ROIs at
both baseline and stimulated states. Percent signal change
(PSC) for the aforementioned ROIs was evaluated using
different currents (Table 3).

Among them, the PSC of the second column was signifi-
cantly different from the other ones, where smaller difference
was found in the other groups (Table 3). While the amplitude
of each activation was identical and stable, evaluation of PSC
was necessitated by the presence of peaks in the active seg-
ment, which also caused a higher average signal intensity.
PSCs in the same layer were found to vary from 1% to more
than 10%, thus covering the variation range of BOLD signal
in the human brain. The stimulation amplitudes at different
time points in an individual curve were relatively identical,
and while the shapes of different curves representing the
ROIs were similar. It should be considered that the baseline
signal is proportional to the size of ROI. Because sharp peaks
occasionally appeared in these curves, this might affect the
calculation of PSC, thereby causing errors.

3.5 Phantom signal stand-alone consistency

In order to compute the number of effective stimuli per 100
scanning events, we repeated the scanning on the same scan-
ner. All three scanners exhibited good reproducibility but re-
sults obtained from the Siemens Skyra 3.0 T scanner are
shown (Fig. 7).

Table 1 The relaxation time in the center and peripheral regions of the
phantom measured at intermediate level

T1 (ms) T2 (ms) T2* (ms)

Center 437.2 ± 51.7 372.4 ± 939.1 121.2 ± 37

Peripheral 1409.8 ± 137.7 292.5 ± 8.0 121.3 ± 13.4

Fig. 4 Signal change in the
central region of the phantom at
baseline state. Solid line indicates
the average signal in the ROI of 9
pixels, whereas dotted line
indicates the average signal in
ROI of 4 pixels

Table 2 Indicators of phantom system at baseline state

Pixels’
number

Signal Static
spatial
noise

Temporal
fluctuation
noise

SFNR SNR Ghosting
ratio (%)

4 735.2 0.1 3.234 227.33 2326.58 0.39

9 755 0.1 1.996 378.26 2389.24 0.38
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3.6 Sensitivity measurements

Here, we define sensitivity as the detection efficiency of stim-
uli of an identical frequency through 200 time points. To do
this, we extracted the time-signal intensity curves of the phan-
tom from the scanning images obtained by two MR scanners,
Siemens Verio and Siemens Skyra. The stimuli that were ef-
fectively for the two scanners was 60% and 75%, respectively
(Fig. 8).

3.7 Active jamming analysis

A periodic current was introduced into the phantom to
simulate the task stimulation. At the same time, radio fre-
quency excitation and gradient switching was generated to
induce current in two pairs of coils. Both the stimulated

and induced currents were monitored by an oscilloscope
and visualized in real time. From this analysis, it emerged
that the frequency of current stimulation was low, whereas
a relatively high-frequency waveform was observed during
the scanning. This could be easily captured on the oscillo-
scope even if both their periods were stable (Fig. 9).
Additionally, the amplitude of induced current generated
by the circuit was smaller than the stimulus current. In
order to obtain k-space, images were chosen at different
time points, during which no abnormally high noise was
present. This analysis showed that the maximum amplitude
of k-space is almost the same at different points, and the
variation amplitude is less than 0.001. The actual detected
stimulus time was consistent with the theoretical stimula-
tion time, and no other periodic signals with the same
stimulation frequency were found from the scanning.

Fig. 5 The translational and
rotational motion of the phantom
during scanning

Fig. 6 The time-signal intensity
curve for different ROI at the
same current level
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3.8 Statistical parameter map results

Finally, we subjected the raw data to slice timing and head
motion correction using SPM while the t-map of the phantom
intermediate layer was obtained through GLM analysis
(Fig. 10). Comparing different scanning instruments under
the same stimulation and scanning conditions revealed that
activation areas obtained by Siemens Skyra 3.0 Twere largest,
while the GE Signa HD 1.5 T produced the smallest activation
area. However, their activation areas were obtained within
similar locations.

4 Discussion

In this study, uniformity of local magnetic field in gel water
molecules was altered to simulate the BOLD signal which was
then used for quality control assessment of signal detection
efficiency in fMRI. The BOLD signal obtained by scanning
the phantom was stable. This task-based imaging system was
used for obtaining signals of controllable change range. In
addition to computing SNR, ghost ratio, and SFNR, by using
this method, we can carry out different enhancement levels in
the same layer, and evaluated the sensitivity of different scan-
ners to BOLD signals, besides computing SNR, signal ghost
ratio, and SFNR.

In order to effectively eliminate the influence of the active
signal on the imaging device, we applied insulated enamel to
the bare copper wire so as to avoid direct contact between
wires and the gels of the phantom. Because copper is a dia-
magnetic material, it effectively reduces artifacts, and thus
increases the area available for analyses [14, 15]. The stimu-
lation circuit was connected to the phantom and placed out of
the shield room, after which a stable stimulation waveform
was outputted from the stimulating circuit without scanning.
Sharp interference waveforms of high frequency appeared on
the oscilloscope during scanning. The emission frequencies of

Table 3 The PSC of the ROI (9 pixels) in the same slice at different
current level

PSC (%) I (mA)

8 12 24 48

Manufacturer Siemens skyra 3.0 T 0.61 0.67 1.26 3.75

Siemens verio 3.0 T 0.69 1.28 2.20 7.94

GE signa HD 1.5 T 4.11 7.07 21.07 26.16

Fig. 7 Repeatability results for different current levels. a Repeated
scanning at 60-mA current level; b repeated scanning at 100-mA
current level; c repeated scanning at 240-mA current level (Siemens
skyra 3.0 T)

Fig. 8 Number of stimuli detected by different scanners (solid line for
Siemens verio 3.0 T, dashed line for Siemens skyra 3.0 T, and solid red
line for theoretical stimulus, DE denotes detection efficiency)
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the interference waves were consistent with radio frequency
(RF). Previously published studies suggest that this might be
because RF excitation and the fast switching of the gradient
magnetic field produces an induced current of high frequency
in the copper wires of the phantom [16]. However, in our
analysis, the induced current and stimulated current differed

significantly in both waveform and frequency with little over-
lap between them. This phenomenon enabled their clear res-
olution. We therefore considered exploiting the difference in
frequency to limit the high-frequency noise information
through low-pass filtering [17]. Our experiments showed that
the phantom signal was of superior quality while artifacts

Fig. 9 Active jamming analysis. a The stimulation circuit was connected
to the phantom but was not scanned. The signal was stable, without
spurious peak. b The stimulation circuit was connected to the phantom
scanned, creating regular and high-frequency clutter in the circuit. c The
oscilloscope was adjusted to amplify the waveform during the scanning

process. Most sharp parts of the noise waveform did not exceed the range
from the ground state to the active state, but occasionally, a sharp wave
exceeded the range (red arrow). d The k-space map obtained via Fourier
transform. eAmplitude map of each point on the horizontal red line in the
center of k-space

Fig. 10 t-Maps from SPM
obtained by different MR
scanners under the same stimulus
(p = 0.05, cluster size ≥ 5). (a, d) t-
map obtained by GE signa HD
1.5 T; (b, e) t-map obtained by
Siemens verio 3.0 T; (c, f) t-map
obtained by Siemens skyra 3.0 T.
The upper rows (a, b, c) were the
positive activation region, and the
arrows below (d, e, f) represent
the negative activation region.
The positive and negative
activation regions were in
opposite directions and appeared
in the direction of the readout
gradient
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around the copper wires were limited. When electric current
passed through the copper wire, an induced magnetic field
was generated around the wires. Effects of the induced mag-
netic field on voxel were decreased in parallel with an aug-
mentation of the distance between voxel and copper wires,
thereby affecting various ROIs in the same layer differently.
PSC analysis of the phantom showed that it ranges from 1 to
10%, and covered the range of variation of the human brain
BOLD signal. The frequency of stimulation created by the
blocking experiment was low (0.05 Hz), and the subsequent
analysis showed a significant decrease in the signal value
caused by the stimulus. However, occasional peak and abnor-
mal values appeared during the whole scanning. These abnor-
mal values might have resulted from RF excitation and gradi-
ent magnetic field switching since the high-frequency sharp
waveforms observed in the oscilloscope were quite consistent
with RF.

In our analysis of the signal obtained at the center and
periphery of the phantom, we found that the signal from the
phantom was of good uniformity, especially in the central
region. This analysis showed that its pixel value deviated from
the average value within less than 1% of the average signal
intensity. Therefore, the central area could be used as the main
area for function analysis on which calculation of the signal-
to-noise ratio, contrast-to-noise ratio, and ghost-to-signal ratio
could be carried out. Our fMRI phantom fundamentally dif-
fers from the human brain because it does not experience
physiological process including breathing, pulse, and head
movement, which interfere with human BOLD signal [9].
The translational and rotational motion of the phantom during
the entire scan did not exceed 3% of the voxel size. Such small
movements might result from the vibration of the patient table
or the machine itself.

Taken together, our data shows that the BOLD signal based
on voxel level can be directly performed so as to avoid ampli-
fication and partial losses to the original signal occasioned by
data preprocessing. This would bring the data closer to the true
value [4, 18]. Detection efficiency of the same scanner was
highly reproducible after repeatedly scanning the phantom
with different current magnitudes and magnetic field strengths
[15]. Using the same stimulation mode, the PSC of each stim-
ulus detected by the same scanner was close. This reflected the
intensity of each stimulus, reduced contingency, and improved
the stability and reproducibility of the phantom. Considering
that the phantom’s stimulation circuit was different from the
human brain, which can be adapted to stimuli [19], our anal-
ysis attained the scanner stability and sensitivity to stimulus by
scanning the phantom repeatedly using the same stimulus
mode.

A limitation of traditional passive fMRI phantoms is that
they simulate the BOLD signal changes by taking advantage
of the difference in T1 and T2 relaxation time caused by dif-
ferent concentrations of the same material [12, 20], which

does not simulate true stimuli. In addition, multiple processes
require manual operation, introducing a high number of ex-
perimental variables. Relative to the Smartphantom [9], our
approach enhanced the area available for analysis in the phan-
tom. In addition, our system was found to be compatible with
different scanning equipment. Moreover, the versatility of our
approach means that the duration and intensity of the stimulus
can be accurately adjusted to obtain the optimal stimulus
scheme.

While our system presented multiple advantages over
established methods, it has some limitations. Firstly, the aga-
rose gel used in our study was not suitable for long-term pres-
ervation and was prone to decomposition. This led to air sep-
aration around the copper wires which in turn adversely af-
fected image quality and data analysis. To address this limita-
tion, we are currently optimizing the phantom’s physical prop-
erties and are considering the use of different materials, such
as PVC or HDPE. Additionally, in order to realize the quality
control for software analysis process of fMRI, the stimulation
of BOLD signal will be combined with task design, and dis-
play activated areas with SPM Software.

5 Conclusions

The phantom we designed for fMRI quantitative quality con-
trol is easy to operate and highly compatible with different
scanners, providing reliable data obtained through a simple
and straightforward data processing pipeline. These strengths
make the proposed phantom suitable for daily quality control
applications for fMRI analyses.

Acknowledgments We would like to thank Yaoyao He, Fenglian Zheng,
Haozhao Zhang, Xiaojing Liu, and Shitong Zhang for their comments
and suggestions.

Authors’ contributions Tiao Chen proposed the specific scheme of this
study, and data acquisition. Yue Zhao and Chuntao Jia designed and
fabricated the experimental circuit and analyzed the data. Zilong Yuan
gave suggestions for a magnetic resonance scanning protocol. Jianfeng
Qiu suggested ideas and motivations for this study and supervised all
details of the research. All authors read and approved the final
manuscript.

Funding information This study was supported by the China National
Key Research and Development (2016YFC0103400). Jianfeng Qiu was
supported by the Taishan Scholars Program of Shandong Province
(TS201712065).

Compliance with ethical standards

Ethics approval and consent to participate Not applicable.

Consent for publication All participants signed an informed consent to
publish their data and images.

Med Biol Eng Comput (2020) 58:831–842840



Availability of data and material The datasets used or analyzed during
the current study are available from the corresponding author on reason-
able request.

Competing interests The authors declare that they have no competing
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Jellinger KA (2010) Clinical applications of functional brain MRI.
Eur J Neurol 16(4):e86–e

2. Liau J, Liu TT (2009) Inter-subject variability in hypercapnic nor-
malization of the BOLD fMRI response. Neuroimage. 45(2):420–
430

3. Handwerker DA, Ollinger JM,Mark DE (2004) Variation of BOLD
hemodynamic responses across subjects and brain regions and their
effects on statistical analyses. Neuroimage. 21(4):1639–1651

4. Eklund A, Nichols TE, Knutsson H (2016) Cluster failure: why
fMRI inferences for spatial extent have inflated false-positive rates.
Proc Natl Acad Sci U S A 113(28):7900–7905

5. Leontiev O, Buxton RB (2007) Reproducibility of BOLD, perfu-
sion, and CMRO measurements with calibrated-BOLD fMRI.
Neuroimage. 35(1):175–184

6. Chueh JY, Marel KVD, Gounis MJ, Lematty T, Brown TR, Ansari
SA et al (2017) Development of a high resolution MRI intracranial
atherosclerosis imaging phantom. J Neurointerv Surg:neurintsurg-
2016-012974

7. Glick SJ, Ikejimba LC Advances in digital and physical anthropo-
morphic breast phantoms for X-ray imaging. Med Phys

8. Ikejimba LC, Graff CG, Rosenthal S, Badal A, Ghammraoui B, Lo
JY, Glick SJ (2017) A novel physical anthropomorphic breast phan-
tom for 2D and 3D x-ray imaging. Med Phys 44(2):407–416

9. Cheng H, Zhao Q, Duensing GR, Edelstein WA, Spencer D,
Browne N, Saylor C, Limkeman M (2006) SmartPhantom — an
fMRI simulator. Magn Reson Imaging 24(3):301–313

10. Berengere AB, Evans AC, Louis C (2006) A new improved version
of the realistic digital brain phantom. Neuroimage. 32(1):138–145

11. Friedman L, Glover GH (2010) Report on a multicenter fMRI qual-
ity assurance protocol. J Magn Reson Imaging 23(6):827–839

12. Olsrud J, Nilsson A, Mannfolk P, Waites A, Ståhlberg F (2008) A
two-compartment gel phantom for optimization and quality assur-
ance in clinical BOLD fMRI. Magn Reson Imaging 26(2):279–286

13. Renvall V, Joensuu R, Hari R (2006) Functional phantom for fMRI:
a feasibility study. Magn Reson Imaging 24(3):315–320

14. Bodurka J, Jesmanowicz A, Hyde JS, Xu H, Estkowski L, Li SJ
(1999) Current-induced magnetic resonance phase imaging ☆. J
Magn Reson 137(1):265–271

15. Huang R, Posnansky O, Celik A, Oros-Peusquens AM, Ermer V,
Irkens M, Wegener HP, Shah NJ (2006) Measurement of weak

electric currents in copper wire phantoms using MRI: influence of
susceptibility enhancement. Magma. 19(3):124–133

16. Volkan A, Ergin A (2011) Modeling of radio-frequency induced
currents on lead wires during MR imaging using a modified trans-
mission line method. Med Phys 38(12):6623–6632

17. Friman O, Borga M, Lundberg P, Knutsson H (2004) Detection and
detrending in fMRI data analysis. Neuroimage. 22(2):645–655

18. Anderson RJ, Poser BA, VAndrew S. (2015) Simultaneous multi-
slice spectral-spatial excitations for reduced signal loss susceptibil-
ity artifact in BOLD functional MRI. Magn Reson Med Off J Soc
Magn Reson Med 72(5):1342–1352

19. Richter W, Richter M (2003) The shape of the fMRI BOLD re-
sponse in children and adults changes systematically with age.
Neuroimage. 20(2):1122–1131

20. Tovar DA, Wang Z, Rajan SS (2015) A rotational cylindrical fMRI
phantom for image quality control. PLoS One 10(12):e0143172

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Tiao Chen is now a graduate stu-
dent of Shandong First Medical
U n i v e r s i t y & S h a n d o n g
Academy of Medical Sciences.
His main research direction is the
quality control and assurance of
fMRI, with a recent focus on dose
calculation and radiation protec-
tion of CT examination.

Yue Zhao received his master's
degree in testing and metrology
technology and instruments from
shandong university of science
and technology in 2019. He has
current reseach interests that in-
clude algorithm analysis of medi-
ca l image and research of
terahertz system.

Med Biol Eng Comput (2020) 58:831–842 841

http://creativecommons.org/licenses/by/4.0/


Chuntao J ia was born in
Qingdao, shandong province,
China in 1995.In 2017, he re-
ceived his bachelor's degree in
testing and metrology technology
and instruments from shandong
university of science and technol-
ogy. He has been studying for a
master's degree at shandong uni-
versity of science and technology
since 2017. His research interests
are precision instruments.

Zilong Yuan is an experienced
physicist. His main research di-
rection is the quality control and
assurance of medical imaging,
and it is also committed to the op-
timization of radiation dose.

Jianfeng Qiu is the PI of Medical
Engineering and Technology
Research Center, Shandong First
Medical University & Shandong
Academy of Medical Sciences,
with 20 years experience of qual-
ity control and assurance of med-
ical images.

Med Biol Eng Comput (2020) 58:831–842842


	BOLD signal simulation and fMRI quality control base on an active phantom: a preliminary study
	Abstract
	Introduction
	Materials and methods
	Phantom properties
	Stimulation circuit
	Theory
	Scanning protocol
	Evaluation program and analysis parameters
	Sensitivity
	Repeatability
	Active jamming analysis
	Statistical parameter map processing

	Results
	Phantom properties
	Signal stability of agarose in the phantom
	Motion analysis of the phantom in magnet
	Characteristic of the phantom under stimulation
	Phantom signal stand-alone consistency
	Sensitivity measurements
	Active jamming analysis
	Statistical parameter map results

	Discussion
	Conclusions
	References




