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Background and Objective: Periodically rotated overlapping parallel lines with enhanced reconstruction- 

echo planar imaging (PROPELLER-EPI) is a promising technique for non-sedated functional imaging due 

to its unique advantage of motion correction. However, its multiple-blades sampling blood-oxygen-level 

dependent (BOLD) signal leads to low sampling rate and aliasing of higher frequency physiological signal 

components such as the cardiac pulsation. 

Methods: In this study, we use near infrared spectroscopy (NIRS) synchronized with pulse sequences of 

PROPELLER-EPI, utilizing the fact that the optical sensing speed is inherently high. NIRS measures changes 

of oxyhemoglobin and deoxyhemoglobin to identify the transient states of on-BOLD and off-BOLD, and 

then labels each blade by temporal co-registration. The labeled blades from multiple epochs of a func- 

tional experiment are then used for the k -space data combination and subsequent image reconstruction. 

An eigenfunction model is proposed for temporal co-registration and to quantify the temporal resolution 

of the hemodynamic response. 

Result: The experiment of NIRS labeled PROPELLER-EPI was carried out with the optical sampling rate of 

10 Hz and the magnetic pulses repetition time of 10 0 0 ms, and the temporal resolution is 20 times better 

than that of the state-of-the-art sliding-window PROPELLER-EPI. We compared the functional imaging 

results against the conventional magnetic resonance echo planar imaging-measured activity and achieved 

an accuracy of 0.9. 

Conclusions: Using the synchronization of NIRS, the proposed imaging scheme provides an effective way 

to implement PROPELLER-EPI, which features motion free, high SNR, and enhanced spatial-temporal res- 

olution. 

© 2019 Elsevier B.V. All rights reserved. 
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. Introduction 

Non-sedated functional imaging is of great importance for

oung children who require sedation or general anesthesia in con-

entional MRI (magnetic resonance imaging) studies [1,2] . Also,

he high field small animal MRI is an efficient tool for experi-

ental pathology and pharmacology in brain research [3–6] , and

on-sedated small animal imaging is an essential tool for lon-

itudinal functional changes studies. Moreover, such movement-

llowed imaging techniques can be used to scan a patient or

nimal concurrently performing several neural tasks. PROPELLER-

PI is a method that can suppress motion artifacts so that the

maging object can move freely during the time-consuming MRI

cans [7–11] . Thus the risks of sedation or anesthesia can be

voided. The periodically rotated overlapping parallel lines with
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nhanced reconstruction-echo planar imaging (PROPELLER-EPI) is 

 multi-shot method to achieve the k -space time division cov-

rage. It allows each blade to enable extended k -space sampling

long the readout direction, to satisfy the temporal resolution of

MRI (functional MRI) activation, and to be imaged separately. Thus

he motion correction in the image domain between successive

lade shots is applicable. Among many PROPELLER approaches,

he sliding-window reconstruction is a state-of-the-art approach

hat continuously reconstructs an image with each newly acquired

lade, while dropping the first blade of an updated set. However,

he temporal resolution level is still not enough to anti-aliasing of

hysiological interference. Also, the PROPELER-EPI imaging can suf-

er from the mis-alignments between blades and epochs of func-

ional blood-oxygen-level dependent (BOLD) states, producing false

OLD signals. 

Near-infrared spectroscopy (NIRS) measures the changes in

rain hemodynamics and oxygenation during the neural activ-

ty with high temporal resolution [12–23] . It is known that the
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Fig. 1. PROPELLER-EPI acquisition scheme showing (a) one blade acquired using a 

single RF-excitation followed by fast gradient echo EPI readout and (b) 8 periodi- 

cally rotated blades to fill the k -space. 
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temporal resolution of fMRI is relatively low, while that of NIRS

is generally high enough to sample most physiological processes

without aliasing [22] . Therefore, concurrent NIRS and fMRI pro-

cessing can be used to identify spatial and temporal effects of car-

diac pulsation, breathing, and low frequency oscillations [20] . Mul-

timodal analysis of MRI combined with NIRS has been introduced

to correlate neural activity based on hemodynamics [17] , for exam-

ples, to interpret the complex coupling among cerebral blood flow

(CBF), cerebral blood volume (CBV) and cerebral metabolic rate of

oxygen consumption (CMRO 2 ), and to examine neural activity pat-

terns triggered by cognitive or perceptual tasks as well as resting

state networks [22] . 

However, the fMRI/NIRS multimodal analysis encounters many

difficulties in automatic mapping, image reconstruction and tem-

poral alignment. NIRS is a cortical approach with low spatial res-

olution ( ∼1 cm) and short depth of penetration ( ∼2 cm) [20] , lim-

iting its effectiveness for the MRI mapping of the deep brain re-

gion. To address this issue, a support vector regression learning al-

gorithm is developed to infer deep-brain activity using NIRS mea-

surements of cortical activity [24] . Also, 3D reconstruction meth-

ods are developed to project channel-space on the surface of the

head to voxel-space within the brain volume [25] . Nevertheless,

most previous studies focus on investigating the temporal and spa-

tial correlations between the MRI and NIRS signals [17,18,20,22] . In

other words, MRI and NIRS data are processed independently (re-

ferred as “post synchronization” of MRI and NIRS). In this work, in-

stead of comparing results from both MRI and NIRS measurements,

NIRS signals are used in MRI data processing to correct imaging

misalignments (referred as “deep synchronization” of both). In our

approach, k -space data are acquired by a multi-shot PROPELLER-

EPI technique with time division coverage. Each blade of the k -

space data is labeled by NIRS output based on an eigenfunction

model. Multiple labeled blades of one image are sampled during

multiple activation and resting periods. The labeled blades are then

combined and reconstructed. In this way, the multimodal imaging

scheme of PROPELLER MRI deeply synchronized by NIRS is able

to reconstruct the functional image with enhanced spatio/temporal

resolutions, and without sedation. 

2. Material and methods 

2.1. Theory 

2.1.1. Background on PROPELLER-EPI gradient function and temporal 

progress 

Along the frequency encoding (readout) direction, the gradient

function within each data acquisition time T acq can be express as

{
G x = (−1) 

n −1 
A cos lφ

G y = (−1) 
n −1 

A sin lφ
, (1)

where A is a constant to be determined, n is the number of fre-

quency encodings, l is the number of blades, and l φ is the angle

between the frequency encoding direction and k x -axis (noting that

blade rotates counterclockwise from the positive x -axis). Similarly,

along the phase encoding direction the gradient function within

each phase encoding time T pe is {
G x = −B sin lφ
G y = B cos lφ

, (2)

where B is a constant to be determined. The k -space sam-

pling trajectory in the presence of the gradient is showed in

Fig. 1 . Eq. (1) describes the sampling trajectory of blue lines, and

Eq. (2) describes the sampling trajectory of red lines. These equa-

tions provide insight into the information of the temporal trace.
he time node of the l th blade is lT R , and the duration of the ef-

ective spatial-information-encoded echo signal acquisition of each

lade is nT acq + ( n − 1) T pe . Other parameters of the pulse sequences

re also known. Thus the full time course is determined. In this

ay, the temporal co-registration-based analysis can be realized

nd even the feedback control with NIRS data is applicable. 

.1.2. NIRS signal model 

In this model, we use the variations of the deoxyhemoglobin

oncentration as the determinant of BOLD responses. In the wave-

ength range between 650 and 950 nm, the dominant absorbent

hromophores are oxyhemoglobin and deoxyhemoglobin. The two

avelengths detection method expresses the variations in the local

eoxyhemoglobin concentrations �[Hb] as 

[ Hb ] = 

det 

[
χHbO ( λ1 ) �μ( λ1 ) 
χHbO ( λ2 ) �μ( λ2 ) 

]

det 

[
χHbO ( λ1 ) χHb ( λ1 ) 
χHbO ( λ2 ) χHb ( λ2 ) 

] , (3)

here μ( λ) is the absorption coefficient of λ, χHbO ( λ) and χHb ( λ)

enote the wavelength dependent extinction coefficients of the

hromophores, and det is the determinant of the matrix. Accord-

ng to the modified Lambert-Beer law, the absorption coefficient at

ach wavelength is related to the optical density by the following

ormula: 

μ(λ) = − 1 

L (λ) 
log 

(
I(n, λ) 

I(n − 1 , λ) 

)
, (4)

here I ( n, λ) is the n th sample of the average intensity of detected

ight, and L ( λ) is the effective average pathlength of light through

he tissue. 

.1.3. Proposed synchronization reconstruction scheme 

The default PROPELLER reconstruction requires N blades for a

ull image, but the resulting temporal resolution would be unac-

eptable for fMRI. To overcome this problem, we label each blade

ith either transient state of the BOLD-NIRS signal: (1) on-BOLD

r (2) off-BOLD. The on-BOLD state refers to the interval between

he initial dip and the poststimulus over/undershoot, and the off-

OLD state refers to the transient of poststimulus over/undershoot

nd the resting state baseline. We present an eigenfunction model

f the changes of the normalized deoxyhemoglobin concentration

 as 

 (t) = 

{
q (0+) e −at , 0 ≤ t < τ

A (1 − e −b( t−τ ) 
) + q (τ ) e −b(t−τ ) , t ≥ τ

, (5)

here q (0 + ) is the concentration [Hb] at the initial dip, τ is the

ising time of CBF response, A is a quantity correlated to the cere-

ral metabolic rate of oxygen (CMRO ), and a, b are constants to be
2 
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Fig. 2. Diagram of the optical system design and functional blocks of the FPGA- 

implementation. 
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etermined. Similarly, the negative BOLD responses can be mod-

led as 

 (t) = 

{
A (1 − e −b t ) + q ( 0 + ) e −bt , 0 ≤ t < τ
q (τ ) e −a (t−τ ) , t ≥ τ

, (6) 

The acquired NIRS data can use the model as a regression func-

ion, and a, b and A can be determined by solving a least-squares

roblem. Then we define the baseline crossing interval T on as on-

OLD state and others as off-bold state. This eigenfunction model

ighlights its versatility with respect to fMRI-NIRS co-registration. 

After all blades are labeled, the temporal progress of BOLD sig-

al is fully determined. Then, the spatial distribution of BOLD sig-

al can be determined by the PROPELLER scheme. Both N blades

abeled with on-BOLD and N blades labeled with off-BOLD are

verlapped as k -space data, and the DFT (Discrete Fourier Trans-

orm) reconstruction is to be performed to obtain functional en-

oded images. Processing the non-Cartesian data acquired by each

lade and gridding to Cartesian coordinate are essential to gener-

te function k ( t ) of the full k -space data. The continuous function

 ( t ) can be reconstructed optimally in the DFT framework by using

he following interpolation formula: 

 (t) = 

N s −1 ∑ 

n =0 

k (n �t) 
sin [ π

T 
(2 N + 1)(t − n �t)] 

N s sin [ π
T 
(t − n �t)] 

, (7) 

ssuming that N s ≥2 N + 1 samples are taken from k ( t ) in interval

t = T / N s . Finally, note that the density compensation of the com-

ination of the blades is performed by using 2D Gaussian filter,

nd motion displacement parameters can be solved by mutual in-

ormation method in image domain [26] . 

.1.4. fMRI analysis 

We are not using the SPM (Statistical Parametric Mapping)

ethod in which the time-course is determined by convolving

he hemodynamic response function [27] , since the on-BOLD time-

ourse is determined by NIRS with a high temporal resolution. To

xploit the deep synchronization reconstruction for high temporal

esolution fMRI, Pearson’s correlation coefficient is calculated us-

ng a special strategy. The images reconstructed by on-BOLD blades

re denoted D 1 = { X i } L i =1 
, whereas the images reconstructed by off-

OLD blades are denoted D 2 = { Y i } L i =1 
. The correlation coefficient

 mn of the voxel in position ( m, n ) used for fMRI analysis is given

y 

 mn = 

L ∑ 

i =1 

(
X i (m, n ) − X̄ (m, n ) 

)(
Y i (m, n ) − Ȳ (m, n ) 

)
√ 

L ∑ 

i =1 

(
X i (m, n ) − X̄ (m, n ) 

)2 

√ 

L ∑ 

i =1 

(
Y i (m, n ) − Ȳ (m, n ) 

)2 

, (8) 

Every voxel within the brain with a correlation coefficient r of

.3 or lower is deemed activated by the functional task. 

.2. Data acquisition and experiments 

.2.1. NIRS data acquisition 

NIRS measurements were taken with a home-built optical to-

ography system. The imaging sequence used in this work and the

ommunication interface software of MRI and NIRS were devel-

ped with python 3.6. Image reconstruction was performed off-line

sing MATLAB (R2015a, The MathWorks, Natick, MA). The system

as designed to realize multiple sources of two wavelength time

ivision multiplexing and multichannel signal sampling and com-

unication, and the diagram of system is shown in Fig. 2 . A field-

rogrammable gate array (FPGA) was implemented as the micro-

ontroller and data processor and the sampling rate was 10 Hz. 
The main technological characteristics of MRI-compatible ma-

erials are the magnetic susceptibility and the electrical conduc-

ivity. At first, the magnetic susceptibility difference between the

aterial and tissue produces field inhomogeneities in the B 0 field,

hich leads to susceptibility artifacts. The illumination LEDs are

oupled with the single-mode optical fibers, and the photodiodes

re coupled with the multimodal optical fibers. A natural rubber

ad is used to support these transmission optical fiber bundles.

he magnetic susceptibilities of optical fiber material and natu-

al rubber are within l ppm of biological tissue susceptibility. Sec-

ndly, the electrical conductivities of optic fiber material and nat-

ral rubber are negligible, so no eddy current issue is concerned. 

.2.2. MRI experiments 

MRI data were acquired in vivo on a mouse using a 7T high

eld small animal MRI scanner (Agilent Technologies). The mouse

as placed in a specially designed holder to immobilize the head,

nd a circular surface coil was employed as the RF transmit-

er/receiver. No anaesthesia was applied. fMRI data were acquired

sing GE-EPI (FOV = 35 × 35 mm 

2 , acquisition matrix of 256 × 50

er blade, 12 coronal slices each 0.5 mm thick, slice gap 0.1 mm,

 R = 10 0 0 ms, T E = 36 ms, bandwidth of 170 kHz). With the devel-

pment of high-order gradient shim techniques and high magnetic

eld strength, the high anatomical contrast functional images were

btained at long TE [5] . All experiments were conducted in com-

liance with the regulations of Institute of Materia Medica, Chinese

cademy of Medical Sciences. 

.2.3. Experimental protocol 

The visual stimulus board is a rubber pad plugged with a set of

ptic fiber cables which transmit the lights of blue and green LEDs.

he LEDs stimuli arrangement is displayed in Fig. 3 . The LEDs are

ontrolled by an Arduino microcontroller. Each LED is turned on

or 100 ms, and the whole pattern period is 1.8 s. The round pad is

uitable for the long, narrow scanner bores. Activation (stimulus-

n) and resting (stimulus-off) periods of 18 s and 18 s, respectively,

epeated for 20 times. These durations are long enough to allow

or the exhaustion of functional response from one block to an-

ther. Consequently, for MRI a total of 720 blades for each slice are

cquired and for NIRS 7200 samplings are acquired. Finally, a con-

entional EPI functional imaging is performed as the control data. 
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Fig. 3. Dimensions and arrangement of the visual stimulus board. Blue LEDs are 

plugged in the 8 holes along the central line on the pad, and the green LEDs were 

plugged in 10 peripheral holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. A temporal trace of BOLD-NIRS response recorded in one functional experi- 

ment. Raw data at two wavelengths are shown in (a), and the �[HbO] and �[Hb] 

calculated by the modified Beer-Lambert law are shown in (b). A typical segment of 

the �[HbO] and �[Hb] signals after low-pass filtering is shown in (c), and an acti- 

vation epoch is extracted as shown in (d). The interval between two zero crossings 

intercepted by regressors (red spots) is defined as the on-BOLD state. 

4

4

h

 

s  
3. Results 

The results of NIRS signal detection and processing are dis-

played in Fig. 4 . Concentration changes of oxy- and deoxy-

hemoglobin are first calculated by the modified Beer-Lambert law,

and then the �[HbO] and �[Hb] data are low-pass filtered with a

Butterworth filter with order 6 and a cut-off frequency of 0.1 Hz. 

Fig. 5 displays one set of representative images constructed by

each blade labeled by NIRS. As can be seen, the images recon-

structed by single blade show the Gibbs ringing artifacts along the

direction of short axis of blades. However, this would not affect

the image domain motion correction implementation because the

high spatial resolution and high anatomical contrast. The combi-

nation of 8 labeled blades and its imaging result are displayed in

Fig. 6 . The ringing artifacts disappear and the resolution is appar-

ently higher. Noted that the combined k -space data are filtered by

the 2D Gaussian window with a standard deviation σ= 128. 

The BOLD responses to the visual stimulation are observed in

the dorsal lateral geniculate nucleus (LGd) of the thalamus and the

activation maps are displayed in Fig. 7 . The activation voxels are

identified by the proposed functional analysis in which the dataset

of on-BOLD images are compared against the dataset of off-BOLD

images using the Pearson’s correlation. 

Finally, the temporal resolution is determined by the NIRS

modality which is equal to the sensing speed of the optical set-

up. More exactly, the optical sensing speed depends on the sam-

pling periods T s (1/ f s ) or the duration of the light pulse T p , and

the improvement factor of temporal resolution of NIRS labeled

PROPELLER-EPI is 

2 TR 

min ( T s , T p ) 
, (9)

The temporal resolution in our experiment protocol, for in-

stance, improves by a factor of 20 than that of sliding-window

PROPELLER-EPI. The mean correlation calculated by the functional

activation maps between the results and the control data is higher

than 0.9. 
. Discussion 

.1. The balloon model and the eigenfunction model of the 

emodynamic response 

A popular biophysical model describing different transient

tates of the hemodynamic response is the balloon model [28] . The
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Fig. 5. Images constructed by each blade labeled by NIRS. 

Fig. 6. Illustration of k-space data processing and reconstruction. (a) Imaging result of one slice using NIRS labeled PROPELLER-EPI scheme with N = 8 blades. (b) The 

combined k -space data of N = 8 blades filtered by the 2D Gaussian window. (c) The 2D gaussian window used to compensate the oversampled k -space center ( σ= 128). 
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odel assumes that the venous balloon constitutes the only ori-

in of the change in CBV and is expanded by a difference in nor-

alized arterial inflow f in ( t ) and normalized venous outflow f out ( t ).

he changes of the normalized deoxyhemoglobin concentration q

an be modeled as: 

 q/d t = 1 / τ0 

[
f in (t) E(t) − f out (ν, t) 

q (t) 

ν(t) 

]
, (10)

here v is the blood volume, τ is the viscoelastic time constant,

 ( t ) the cerebral metabolic rate of oxygen. 
The balloon model is not the only physiological mechanism

f the BOLD response. For instance, the diffusion movement of

olecules can take place from a region of high concentration to a

egion of low concentration [29] . The diffusion model can be writ-

en as 

∂n (r, t) 

∂t 
= n (t) E(t) + D ∇ 

2 n (r, t) , (11)

here n is the concentration of the diffusing molecules, D is the

iffusion coefficient, and r is the position. The diffusing molecules

an be the oxyhemoglobin, deoxyhemoglobin or total hemoglobin.
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Fig. 7. BOLD responses to the visual stimulation in the coronal slices for observing 

LGd. The activated voxels calculated by the proposed method based on Pearson’s 

correlation overlaid on one slice. 
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In mathematics, both the balloon model and the diffusion model is

a class of differential operators on the space C 

∞ of infinitely differ-

entiable functions of an argument t , and the exponential function

is the eigenfunction of this linear operator. Therefore, we propose

the eigenfunction model described in Eqs. (5) and (6) , which is the

solution for the purpose of the temporal co-registration and quan-

tification analysis. 

4.2. Theoretical analysis of SNR improvement of the NIRS-labeled 

PROPELLER-EPI 

In our scheme the imaging blades may come from different

epochs, so the variance of the noise from different blades could be

time-varying. The linear combination of N blades reconstruction is

related to the true image’s k -space data by 

N ∑ 

n =1 

c n S n = 

N ∑ 

n =1 

c n S true + 

N ∑ 

n =1 

c n ξn , (12)

where ξ is the noise in the k -space domain, and c is a vector con-

taining the weighting coefficients. The SNR formula can be derived

as 

SNR | pixel = 

N ∑ 

n =1 

c n S true 

√ 

c T �c 
, (13)

where � is the matrix containing variance of each blade and has

the form 

� = 

⎡ 

⎢ ⎢ ⎢ ⎣ 

σ 2 
ξ1 

σ 2 
ξ2 

. . . 

σ 2 
ξn 

⎤ 

⎥ ⎥ ⎥ ⎦ 

. (14)

The default choice of c is that all elements are equal to 1. Fur-

thermore, assuming that ξ 1 ,…, ξ n are zero-mean, independently

and identically distributed random variables, the SNR in the cen-

tral circle of k -space is improved by a factor of 
√ 

N . In other words,

a central circle in the k -space with diameter D is resampled for

every blade, where D is the phase encoding width of each blade.

At higher spatial frequencies, the overlap decreases, and the pe-

ripheral k -space values are only covered by one or two blades, as

shown in Fig. 1 (b) and Fig. 6 (b). 

The improvement in spatial localization of BOLD signal requires

data with high spatial frequencies, but the SNR decreases at high
patial frequencies due to the signal strength decreases. To sup-

ress the SNR decrease associated with extended k -space sampling,

mage reconstruction can be performed by solving a regularized

east-squares optimization problem of the form 

ˆ = arg min 

ρ
‖ 

S − F { ρ�} ‖ 

2 
2 + λ
(ρ, �) , (15)

here ρ is the spatial coefficients in image domain, Ф is a set

f voxel basis functions, f represents the Fourier transform oper-

tor, the | | · | | 2 2 term measures the data consistency, and 
( ·) is

 regularization function with regularization parameter λ. There

re many choices for 
( ·) to incorporate prior information, such

s quadratic and sparsity-promoting penalties [30–34] . 

.3. Option of real-time gating 

In this work, NIRS and fMRI experimental data are concurrently

cquired. For future work, the real-time gating with NIRS feed-

ack is conceivable. The NIRS system can generate a gating signal

hat trigs the pulse-sequence emitting system of MRI so that ev-

ry blade contains only the on-state signal. In principle, both ap-

roaches would yield the same result. As briefly discussed above,

he current method is based on a couple of assumptions: The cor-

ical activity monitored by NIRS is assumed to be connected with

he deep-brain activities, and the MRI is assumed to fulfill the task

f functional imaging of arbitrary slices. For instance, defined in

he Allen Mouse Brain Atlas in visual processing [6,35] , the dorsal

ateral geniculate nucleus (LGd) at deep brain (thalamus) are func-

ional connected with the primary visual area of the cortex (VISp).

.4. Future perspectives 

The synchronization of MRI and NIRS in this study highlighted

he image acquisition with emphasis on the precision of the spa-

ial brain mapping and the temporal information of functional re-

ponse. However, it is known that both modalities basically do not

rovide absolute concentrations measurements, but only relative

nes. The absolute concentrations measurement can be important

n some applications, such as cognitive load evaluation and dis-

ase evolution study [36,37] . The future multi-modality functional

maging with dedicated MRI sequences and models is doable for

bsolute measurement. Also, optimal wavelength choice in func-

ion of the stimulus [23] and the placing of the source/detectors for

uman objects are the important issues that should be addressed

n the near future. 

. Conclusion 

Instead of temporal co-registration using post-reconstruction

esults, a deep synchronization scheme of NIRS and PROPELLE-EPI

s proposed and demonstrated to achieve high temporal resolution

or non-sedative functional imaging. In this method, each blade of

ROPELLER-EPI is labeled by optical sensing the temporal states of

n-bold and off-bold before image reconstruction. The optical sens-

ng can technically achieve even with a picosecond time resolution,

nd hence the temporal resolution is only determined by the data

cquisition time for one blade, which can be faster than physio-

ogical “noises” such as cardiac pulsation. This approach provides

n effective way to implement PROPELLER-EPI or other multi-shot

equences, which features motion free, high SNR, and enhanced

patial-temporal resolution. 
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