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Background: To develop an accurate and robust 3-dimensional (3D) phase-unwrapping method that works 
effectively in the presence of severe noise, disconnected regions, rapid phase changes, and open-ended lines 
for quantitative susceptibility mapping (QSM).
Methods: We developed a 3D phase-unwrapping method based on voxel clustering and local polynomial 
modeling named CLOSE3D, which firstly explores the 26-neighborhood to calculate local variation of the 
phasor and the phase, and then according to the local variation of the phasor, clusters the phase data into 
easy-to-unwrap blocks and difficult-to-unwrap residual voxels. Next, CLOSE3D sequentially performs 
intrablock, interblock, and residual-voxel unwrapping by using the region-growing local polynomial 
modeling method. CLOSED3D was evaluated in simulation and using in vivo brain QSM data, and was 
compared with classical region-growing and region-expanding labeling for unwrapping estimates methods.
Results: The simulation experiments showed that CLOSE3D achieved accurate phase-unwrapping results 
with a mean error ratio <0.39%, even in the presence of serious noise, disconnected regions, and rapid phase 
changes. The error ratios of region-growing (P=0.000 and P=0.000) and region-expanding labeling for 
unwrapping estimates (P=0.007, P=0.014) methods were both significantly higher than that of CLOSE3D, 
when the noise level was ≥60%. The results of the in vivo brain QSM experiments showed that CLOSE3D 
unwrapped the phase data and accurately reconstructed quantitative susceptibility data, even with serious 
noise, rapid-varying phase, or an open-ended cutline. 
Conclusions: CLOSE3D achieves phase unwrapping with high accuracy and robustness, which will help 
phase-related 3D magnetic resonance imaging (MRI) applications such as QSM and susceptibility weighted 
imaging.
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Introduction

The magnetic susceptibility in magnetic resonance imaging 
(MRI) is used to measure the degree of tissue magnetization 
after an external magnetic field is applied. It is defined as 
the ratio of the tissue magnetization per unit volume with 
an external magnetic field to the strength of the external 
magnetic field, and part per million (ppm) is the commonly 
used unit (1,2). The inverse solution of the underlying 
magnetic susceptibility distribution in quantitative 
susceptibility mapping (QSM) from the collected magnetic 
resonance signals involves multichannel coil combination, 
field map estimation, phase unwrapping, background field 
removal, and dipole inversion (2-5). Error at any step is 
likely to be introduced, even propagated and accumulated 
in the following process. Researchers have proposed 
many algorithms for addressing the challenges in these 
steps over the past years, and these have been successfully 
applied to measure iron in brain tissue, distinguish between 
hemorrhage and calcification, measure the cerebral 
metabolic rate for oxygen and liver iron deposition, and 
reveal the cortical development in children with drug-
resistant epilepsy (3,6-8).

Phase unwrapping is a key step in QSM reconstruction, 
and its reliability directly influences the accuracy of QSM 
results. The collected magnetic resonance signals are 
complex-valued, and the phase, usually obtained using the 
arctangent function, is generally wrapped into the fixed range 
of (−π, π] (9-11). Therefore, a phase-unwrapping algorithm is 
needed to remove phase discontinuities in order to obtain the 
underlying smooth true phase. However, phase unwrapping 
will fail in the presence of severe noise, disconnected regions, 
rapid phase changes, and open-ended lines in the phase 
data (9-13). Many 3-dimensional (3D) phase-unwrapping 
algorithms have been proposed and used to deal with these 
problems, and applied to QSM, including path-following 
methods (14-17) and Laplacian-based unwrapping methods 
(18-20). In the path-following methods, if the phase 
transformation of adjacent voxels is greater than π along a 
certain path, a wrap can be determined to have occurred. 
The value of +2π or –2π is added to unwrapped voxels 
along this path, and the sign of the added value depends 
on whether the phase jump is positive or negative. Unless 
an error occurs, this processing will accurately restore the 
underlying true phase. Due to the influence of noise, rapid 
phase variations, and other factors, it is easy to generate 
mistakes in the process of unwrapping, which leads to 
propagation and accumulation in the unwrapping pipeline. 

The Laplacian-based unwrapping methods try to identify the 
position of the wrapping phase, because the local derivatives 
of the unwrapping phase and the wrapping phase are mostly 
the same. However, these phase-unwrapping methods will 
modify the underlying true phase values of all voxels in 
the original data so that the phase change of neighboring 
voxels is less than π. The higher the number of dimensions, 
the less the phase-unwrapping method is sensitive to noise 
but the greater the computational complexity. Therefore, a 
robust 3D phase-unwrapping method is needed prior to the 
generation of QSM.

Recently, we proposed a 2-dimensional (2D) phase-
unwrapping method based on pixel clustering and local 
surface fitting (CLOSE) (10). The phasor is defined as 
the complex MR signal divided by the magnitude (21). A 
local difference of phasors represents the local variations 
of the underlying true phase (LDTP), and in theory it is 
less than or equal to the corresponding local difference of 
the wrapped phase (LDWP). Firstly, the CLOSE method 
clusters pixels into 2 classes: smooth blocks that are easy-
to-unwrap, and residual pixels that are difficult-to-unwrap. 
Next, a local surface fitting method based on region 
growing is used to unwrap the intrablock, interblock, and 
residual-pixel phases. The proposed 2D CLOSE method 
can obtain an accurate and reliable underlying true phase 
image even when there is serious noise, rapid phase changes, 
or disconnected regions in the phase image. To do this, 
we extend CLOSE from 2 dimensions to 3 dimensions 
and apply it to QSM. The extended CLOSE uses a 3D 
26-connected neighborhood centered at each voxel to 
calculate the local variations of phase and phasor, divides 
the phase data into 3D blocks or sub-blocks, and finally 
takes advantage of a 3D local polynomial model to recover 
the local true phase. Simulation data and in vivo QSM data 
were collected to evaluate the performance of the proposed 
3D CLOSE (CLOSE3D) method, which was compared 
with the common region growing (RG) method (22)  
and the region-expanding labeling for unwrapping estimates 
(PRELUDE) method (23). 

Methods

Problem formulation

In MRI, the acquired complex signal S can be written as 
iS M e φ= × , where M represents the magnitude information 

and ϕ is the true phase. The phase φ calculated using the 
arctangent function is defined as:
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Sϕ = ∠  [1]

where ∠(·) is an arctangent function. The calculated phase 
φ will be wrapped into the range of (-π, π] radians, thereby 
φ is also known as the wrapped phase. The relationship 
between the wrapped phase and the underlying true phase 
can be written as follows:

2kφ ϕ π= +  [2]

where k is an integer. The process of phase unwrapping is 
performed to find the correct phase compensation 2kπ for 
the wrapped phase of each voxel to recover the underlying 
true phase, based on the assumption that the true phase is 
spatially smooth (10,23).

Proposed CLOSE3D method for phase unwrapping

In the MR image, the variation of wrapped phases is rapid 
in the region far from the tissue boundary but near the 
wrapped position, and the change in the corresponding 
phasors is slow. Motivated by these observations, our 
original CLOSE method first classified the pixels into 
smooth blocks that are easy-to-unwrap, and residual 
pixels that are difficult-to-unwrap. Next, a local surface 
fitting method is used to unwrap intrablock, interblock, 
and residual-pixel phases with a region growing strategy. 
CLOSE can be extended from 2 dimensions to 3 
dimensions, in which the key step is to calculate LDTP and 
LDWP using the 3D neighborhood and then cluster the 
phase data into 3D blocks or sub-blocks. Finally, a 3D local 
polynomial model is used to recover the underlying true 
phase in the local window.

Local polynomial modeling
In the original CLOSE method, a local surface function 
model is used to model the smooth true phase in the local 
window. In the proposed CLOSE3D method, we use a local 
polynomial model to approximate the true phase in the local 
window, which can be represented as follows:

( ) ( ), ,, , , ,
0 0 0

L M N
l m n

l m nx y z x y z
l m n

C x y z rφ
= = =

= +∑∑∑  [3]

where Cl,m,n denotes the polynomial fitting coefficients. L, 
M and N are the orders of the polynomial function in the 
x, y, and z directions, respectively. ( ), ,x y zr  represents the 
fitting error. The phase-unwrapping problem is effectively 
transformed into a parameter estimation problem using 
the 3D local polynomial model. The coefficients Cl,m,n can 

be determined through the fitting Eq. [3] utilizing the 
information of the unwrapped voxels in the local window. If 
there are P unwrapped voxels in a local window contented 
at the growing point ( )0 0 0, ,x y z , then Eq. [3] can be 
reformulated:

ˆXc RΦ = +  [4]

here Φ is a column vector containing the phase of P 
unwrapped voxels; X is a matrix of ( )( )( )1 1 1P L M N× + + + , 
and each row of X contains a polynomial basis of unwrapped 
voxels. ĉ  is a column vector consisting of a fitting 
coefficient; R is a column vector consisting of a residual 
error. Through the fitting Eq. [4] to these P unwrapped 
voxels, the fitting coefficients are estimated by the least 
square method. The integer compensation of the growing 
voxel ( )0 0 0, ,x y z  is calculated as follows:
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where ( )0 0 0 0 0 0 0 0 0 0 0 0 0 0 0, , 1, , , , , ..., , ,L M N L M N
x y zX x y z x y z x y z x y z=   ,  is 

the polynomial basis of the growing voxel ( )0 0 0, ,x y z , and 
round(z) is a function that computes the closest integer to z.

Computing 3D LDTP and LDWP
We use the 26-connected neighborhood to compute the 
local variations of phasors and phases, namely:

( )( ) ( )( )( )
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where ( )0 0 0, ,x y zN  represents the set of voxels in a local window 
centered on voxel ( )0 0 0, ,x y z . ( ), ,x y zϕ  and ( )0 0 0, ,x y zϕ  are the 
wrapped phases at the voxel ( ), ,x y z  and ( )0 0 0, ,x y z  in space, 
respectively; ⋅  is a function to calculate absolute value.

Proposed CLOSE3D method
The CLOSE3D method presented herein first applies 
the threshold to the LDTP map and classifies the 
voxels in the phase data into 2 classes: easy-to-unwrap 
3D blocks and difficult-to-unwrap residual voxels. The 
phase unwrapping of intrablock, interblock, and residual-
voxels is then performed in turn. For intrablock phase 
unwrapping, CLOSE3D first applies the threshold to the 
LDWP map and divides each block into 3D sub-blocks 
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without phase unwrapping and residual voxels, and then 
the phase unwrapping of the inter-sub-blocks and residual 
voxels is performed by exploring the 3D local polynomial 
fitting method. Intrablock unwrapping begins with the 
largest sub-block and processes the closest sub-blocks and 
residual voxels. The implementation of the interblock phase 
unwrapping is similar to the process of inter-sub-block 
unwrapping. Phase unwrapping of residual voxels in the 
region of interest (ROI) is performed similarly to the phase 
unwrapping of residual voxels in a block.

Experiments

Simulations 
Simulation datasets were used to quantitatively and 
qualitatively evaluate the performance of CLOSE3D. A 
Gaussian function with a standard deviation (SD) of 20 voxels  
was used to generate a 3D spherical phase map with a size 
of 80×80×80. The magnitude of the simulation data was 
100, and the true phase height was set to 40 radians. To test 
the performance of CLOSE3D at different noise levels, 
Gaussian noises with mean of 0 and SDs of 0, 20, 40, 60, and 
80 were independently added to the real and imaginary parts 
of the generated complex data. Therefore, the noise levels 
of the simulated data were 0%, 20%, 40%, 60%, and 80%, 
respectively, as shown in Figure 1. To test the performance 
of CLOSE3D with phase data with disconnected regions, 
the value of the voxels in a preset region was set to 0. Finally, 
Gaussian noise with a mean of 0 and SD of 20 was added to 
the real part and imaginary part of the generated complex 
data, as shown in Figure 2.

In addition, a Gaussian phase cylinder was generated 
to test the performance of the CLOSE3D method under 
different signal-to-noise ratios (SNRs) and varying phase 
levels. The synthesized true phase was defined as follows:

( )
2 261 611 0.1 20 exp

20 20
x yPhase z

 − −   = + × × × − −         
 [8]

For each xOy plane, the width of each section of data 
was π/6 radians, and the magnitude of the signal increased 
from 10 to 120 with an interval of 10 in the anticlockwise 
direction. Random noise with a mean of 0 and SD of 20 
was independently added to the real part and imaginary 
part of the generated complex data. Therefore, the SNRs 
increased from 0.5 to 6 at a rate of 0.5 in the anticlockwise 
direction. The different z values had different phase change 
levels, so this simulated dataset could be used to verify the 
performance of the proposed method under different SNRs 

and phase levels, as shown in Figure 3 and Table 1.

In vivo brain QSM data
To verify the validity of the proposed CLOSE3D method, 
we used brain QSM data collected on a 3.0T MR machine 
(Siemens Skyra; Siemens, Erlangen, Germany) from 3 adult 
volunteers with cerebral hemorrhage. The 3D multi-echo 
gradient-echo sequence was used to obtain the required 
images for testing and comparing of the phase-unwrapping 
methods. The scanning parameters of the QSM data were: 
repetition time (TR) =2,300 ms, echo time (TE)1 =2.74 ms, 
echo space =5 ms, echo number =8, FA =15°, resolution 
=0.9×0.9×2 mm3,  and field of view (FOV) =24 cm.  
In addition, new wrapped phase data were obtained by 
multiplying the original vector data of the brain QSM data 
by 5 to evaluate the performance of CLOSE3D when the 
open-ended cutline was present.

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the Ethics Board of the First Affiliated 
Hospital of Zhengzhou University (No. 2018-KY-88) and 
informed consent was provided by all the participants.

Implementation and parameters
The CLOSE3D algorithm was implemented using 
MATLAB (R2010a; MathWorks, Natick, MA, USA) 
on a desktop (Dell, Intel Core 2 Duo, 3.5 GB RAM). 
The classical 3D RG method implemented in the QSM  
toolkit (22) and PRELUDE with default parameters 
implemented in the fMRI software library (FSL; Oxford 
Center for Functional Magnetic Resonance Imaging of the 
brain, UK) (24) were compared with our proposed method. 
All 3 methods used a mask to remove voxels from the 
background regions. The simulated data obtained the mask 
in a similar way to that of our original CLOSE method. For 
the application of the in vivo QSM data, the BET function 
in the FSL (24) was used to extract the brain mask.

The parameters of CLOSE3D included a 26-connected 
neighborhood, which is more robust to noise and can 
reflect phase variation in every direction, and was used to 
calculate LDTP and LDWP. An empirical value of π/4 
as the clustering threshold could appropriate cluster the 
voxels into (sub)blocks and residual voxels in the simulated 
experiments, and was applied to the in vivo data. To 
eliminate the effect of small (sub)blocks, a block or sub-
block with <100 voxels was classified as residual voxels. The 
polynomial orders L, M, and N were all set to 2, consistent 
with the report by Friedlander and Francos (25). In the 
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Figure 1 Phase-unwrapping results for the RG, PRELUDE, and proposed CLOSED3D methods under different noise levels (mean ± SD, 
%). RG, region growing; SD, standard deviation.
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Figure 2 One-slice phase-unwrapping results of PRELUDE 
and the proposed method (CLOSE3D) using datasets with 
disconnected regions (mean ± SD, %). SD, standard deviation.
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inter-sub-block unwrapping, the fitting points were selected 
as the 100 voxels closest to the unwrapped regions in the 
growing region and the 100 voxels closest to the growing 
(sub)block in the unwrapped regions. The fitting size of 
100 voxels was experientially determined to be equal to the 
minimum block size, consistent with the report by Cheng  
et al. (10). The fitting window size was set to 11, and applied 
to all the following experiments based on observing the 
simulation results under different noise levels.

In the simulation experiments, the reference phase image 
was defined as the sum of the synthesized original phase 
and the phase changes caused by noise (23). This reference 
phase was subtracted from the unwrapped phase image, 
and if the absolute value of the phase difference of voxels 
was >π/10 radian, the voxels were not considered to be 
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unwrapped correctly. The misclassification ratio (MCR) 
was used to quantitatively and qualitatively evaluate the 
performance of CLOSE3D. The MCR was defined as the 
number of incorrect unwrapping voxels divided by the 
total voxels in the ROI. Each simulation experiment was 
repeated 50 times to reduce the variability and compute the 
corresponding means and SDs of MCRs.

In order to evaluate the performance of CLOSE3D 
with the vivo QSM data, the acquired in vivo 3D multi-
echo GRE data were used to reconstruct the QSM. First, 
the multi-echo magnitude and phase data were used to 

generate the wrapped total field map by a non-linear least 
square fitting method. Subsequently, the RG, PRELUDE, 
and CLOSED methods were used to obtain the unwrapped 
total field map. After that, the projection onto dipole fields 
(PDF) (26,27) method was used to exclude the background 
fields to obtain the tissue field. Finally, the morphology-
enabled dipole inversion (MEDI) algorithm (28) was used 
to inverted the tissue field to the QSM maps. PDF with 
default parameters, and MEDI with λ=1,000 in the MEDI_
toolbox (22) were used. If the phase-unwrapping method 
cannot obtain an accurate underlying true phase image, 

Figure 3 Comparison of the proposed method (CLOSE3D) with PRELUDE using A dataset with different phase variations levels and 
SNRs. Z is the Nth slice. SNRs, signal-to-noise ratios.
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there will be serious artifacts in the susceptibility image.

Results

Evaluation of simulation data

Figure 1 shows the phase-unwrapping results using the RG, 
PRELUDE, and CLOSE3D methods under different noise 
levels. The first to the fifth rows report the reference phase, 
the wrapped phase, and the phase-unwrapping results of 
RG, PRELUDE, and CLOSE3D, respectively. The values 
in the last 3 rows are the mean and SDs of the MCRs (mean 
± SD, %) for 50 independent repetitions. When the noise 
level was ≤20%, all 3 methods obtained perfect unwrapped 
results, and the corresponding MCR was 0.00%±0.00%. 
When the noise level ≥40%, the phase-unwrapping image 
generated by the RG method had obvious residual wraps, 
whereas there were no significant residual wraps in the 
phase-unwrapping results of PRELUDE and CLOSE3D. 
The MCRs of the 3 methods all increased with added noise 
levels, but the MCR results for PRELUDE and CLOSE3D 
were consistently <0.65%±0.63%, and the MCR value 
of CLOSE3D was lower than that of PRELUDE. The 
statistical comparisons of the error ratios of RG and 
PRELUDE with those of CLOSE3D over the simulated 
data with different noise levels are shown in Table S1. 
When the noise levels were equal to 60% and 80%, the 
error ratios of RG (P=0.000 and P=0.000) and PRELUDE 
(P=0.007, P=0.014) were significantly higher than those of 

CLOSE3D.
Figure 2 shows the 1-slice phase-unwrapping results 

using PRELUDE and CLOSE3D with datasets with 
disconnected regions. PRELUDE generated serious 
unwrapped errors (mean and SD of MCR, 6.75%±0.03%). 
In contrast, CLOSE3D generated a promising underlying 
true phase image with a small number of errors (MCR 
0.01%±0.01%).

In Figure 3, we show the phase-unwrapping results for 
PRELUDE and CLOSE3D with different phase variations 
levels (z-direction) and SNRs (xOy plane). When Z is 
≤10, both PRELUDE and CLOSE3D obtained accurate 
true phase images without significant error residuals in 
the results. However, when Z increased to 20, the phase-
unwrapping result of PRELUDE showed significant 
residual wraps. In contrast, when Z changed from 1 to 
40, CLOSE3D continued to produce accurate phase-
unwrapping results. The number of error unwrapped 
voxels with both the PRELUDE and CLOSE3D methods 
increased with the decrease in SNRs, but the number of 
incorrectly unwrapped voxels in PRELUDE was higher 
than that in CLOSE3D. The result for CLOSE3D was 
consistently better than that for PRELUDE under different 
SNRs and different phase variations levels. 

In Table 1, we show the means and SDs of the MCRs 
of PRELUDE and CLOSE3D with 50 independent 
repetitions. When Z was ≤20, the mean MCRs of 
CLOSE3D was equal to about half of that of PRELUDE, 
all of which generated accurate phase-unwrapping results, 
and the corresponding mean MCR was not more than 
0.53%. When Z was ≥25, CLOSE3D continued to generate 
a lower mean and SD of the MCRs than PRELUDE. 
When Z =40, the mean MCR of CLOSE3D was about 1/8 
of the mean MCR of PRELUDE.

Performance with in vivo data

In Figure 4, we show the phase-unwrapping results using the 
RG, PRELUDE, and CLOSE3D methods using clinical 
MR brain data acquired at 3.0T. In contrast to the RG 
method, which shows significant residual wraps (as indicated 
by the arrow), the PRELUDE method shows slight residual 
wraps (as indicated by the arrow) in the limbic region of the 
brain, but there are no obvious residual wraps in the results 
of the CLOSE3D method.

Figure 5 shows the QSM results based on the phase-
unwrapping results of RG, PRELUDE, and CLOSE3D 
methods. As shown by the arrows, there are residual wraps 

Table 1 MCR (%) by PRELUDE and CLOSE3D over 50 repetitions 
under different phase variation levels

Z PRELUDE CLOSE3D

1 0.50±0.06 0.21±0.08

5 0.49±0.13 0.20±0.07

10 0.51±0.10 0.21±0.03

15 0.50±0.13 0.25±0.03

20 0.53±0.12 0.22±0.05

25 0.72±0.23 0.21±0.02

30 1.13±0.13 0.23±0.09

35 1.99±0.37 0.23±0.04

40 3.19±0.73 0.39±0.03

Values are given as mean ± standard deviation. Z, the Nth slice; 
MCR, number of incorrect unwrapping voxels divided by the 
total voxels in the region of interest.

https://cdn.amegroups.cn/static/public/QIMS-22-525-supplementary.pdf
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Figure 4 Phase-unwrapping results for the RG, PRELUDE, and the proposed CLOSE3D methods using clinical QSM brain data. The 
arrows point to the locations where exist the residual wraps. RG, region-growing; QSM, quantitative susceptibility mapping.

in the unwrapping results of the RG method, which results 
in serious artifacts in the QSM results. In contrast, no 
significant residual wraps are found in the unwrapping 
results by the PRELUDE and CLOSE3D methods, and no 
significant artifacts are found in the corresponding QSM 
results. The susceptibility of the deep grey matter nuclei 
(substantia nigra, red nucleus, caudate nucleus, putamen, 
globus pallidus, and substantia nigra) were measured and 
reported in the Appendix 1.

In  Figure  6 ,  we  show the  compar i son  o f  RG, 
PRELUDE, and CLOSE3D with the simulated phase 

data with open-ended cutline. The arrow in the second 
row points to the location of an open-ended cutline. 
The arrows in the third and fourth rows point to 
obvious unwrapping errors. The results for the RG and 
PRELUDE methods both have serious residual wraps 
(as indicated by the arrows), but the CLOSE3D method 
obtained accurate phase-unwrapping results. When there 
is an open-ended cutline in the image, CLOSE3D can 
still achieve an accurate phase-unwrapping result, whereas 
PRELUDE cannot achieve a smooth underlying true 
phase image (as indicated by the arrow).
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Figure 5 QSM results of the in vivo brain data with the RG, PRELUDE and CLOSE3D phase-unwrapping methods. The white arrows 
in the first row point to obvious residual wraps in the unwrapping results, which for the RG method results in serious artifacts in the QSM 
results. RG, region-growing; QSM, quantitative susceptibility mapping.

Discussion

We have proposed a new 3D phase-unwrapping method 
to be applied to QSM to obtain brain tissue susceptibility 
results. The CLOSE3D method firstly applies the threshold 
to the LDTP to cluster voxels into easy-to-unwrap 3D 
smooth blocks and difficult-to-unwrap residual voxels. 
Next, a local polynomial fitting method based on region 
growing is performed to unwrap the intrablock, interblock, 
and residual-voxels in turn. The results of simulation and 
clinical MR data experiments showed that even when there 
was severe noise, disconnected regions, rapid phase changes, 
or open-ended cutlines in the phase data, the CLOSE3D 
method still obtained accurate 3D phase-unwrapping 
results. The CLOSE3D method will help phase-related 3D 
MRI applications such as susceptibility weighted imaging 
(SWI) and QSM. 

There are significant differences among the RG, 
PRELUDE, and CLOSE3D methods for data with 

different SNRs and rapid phase changes. With the RG 
method, errors that can occur at any point along the 
unwrapping path are passed to the phase unwrapping 
of subsequent voxels and accumulate, producing serious 
errors in the resulting image, as shown in Figure 1. 
PRELUDE assumes that the underlying true phase change 
of neighboring voxels is <π, and if that condition is not met, 
PRELUDE will fail, as shown in Figure 6. The CLOSE3D 
method first unwraps 3D smooth blocks that are easy-to-
unwrap, and then uses the phase information of the already 
unwrapped region to process the unwrapped residual voxels. 
This strategy can avoid voxels of low SNR appearing in the 
unwrapping path early, which can reduce error propagation 
and accumulation. In addition, the CLOSE3D uses a local 
polynomial model to model the true phase in the local 
window, and the local polynomial model is not sensitive 
to noise, which means the CLOSE3D method can obtain 
accurate phase-unwrapping results.
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Figure 6 Phase-unwrapping results of the simulated brain data with open-ended cutline (white arrows in the third column) using the RG, 
PRELUDE, and CLOSE3D phase-unwrapping methods. The white arrows in the first column point to where contain residual wraps. RG, 
region-growing.
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For in vivo QSM experiments, the phase-unwrapping 
results  have an important  ef fect  on the accurate 
determination of magnetic susceptibility. Local error 

in the phase-unwrapping results of the RG algorithm 
leads to serious artifacts in the QSM results, making 
it difficult to estimate tissue susceptibility, as shown in 
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Figure 5. Compared with the RG algorithm, the QSM 
results obtained by unwrapping using the PRELUDE and 
CLOSE3D methods were obviously improved, and artifacts 
were eliminated. In the simulation experiment with an 
open-ended cutline, due to the presence of voxels with true 
phase changes larger than π, there were serious residual 
wraps in the PRELUDE result. CLOSE3D classifies the 
voxels with phase changes greater than π and the voxels 
around them are residual voxels, and it utilizes a local 
polynomial fitting method to unwrap the residual voxels 
using the information of the already unwrapped regions 
around them, which helps to reduce error propagation and 
accumulation. In addition, the local polynomial model is 
robust to the disconnected regions and the cases in which 
the underlying true phase variation of neighboring voxels is 
greater than π.

The CLOSE3D method retains the shortcomings of 
our original CLOSE method, such as too many parameters 
needing to be selected and optimized, and the code running 
efficiency is relatively low. These need to be improved 
prior to CLOSE3D being applied to clinical Dixon water-
fat separation and QSM. In similarity to the original 
CLOSE method, the CLOSE3D method is limited by the 
polynomial model used. The CLOSE3D method cannot 
obtain accurate phase-unwrapping results if the true phase 
changes do not match the polynomial model, because the 
local polynomial function cannot accurately model the 
underlying true phase in the local window. One solution to 
this problem is to use higher-order polynomial models such 
as B-spline interpolation and Chebyshev polynomials (29).  
However, a higher-order polynomial model would slightly 
improve fitting quality but increase the complexity of the 
algorithm and reduce the computational efficiency, which is 
consistent with other reports (25,30), and is demonstrated in 
the Appendix 1. Another solution is to use a hybrid model 
that uses local polynomial fitting to unwrap the phase and 
then the result is unwrapped with a nonparametric phase-
unwrapping method such as a least squares algorithm. 
These shortcomings will be addressed in our future 
research.

Conclusions

A robust 3D phase imaging method was proposed and 
applied to QSM to obtain the susceptibility results. The 
CLOSE3D method firstly clusters voxels into easy-to-
unwrap 3D smooth blocks and difficult-to-unwrap residual 
voxels by applying the threshold to the LDTP, and then the 

phase-unwrapping of intrablock, interblock, and residual-
voxels is performed in sequence by the region growing 
local polynomial model. Compared with the classical RG 
and PRELUDE methods, the results with both simulated 
and in vivo MRI data showed that even with serious noise, 
disconnected regions, rapid phase changes, or open-ended 
cutlines in the phase data, the CLOSE3D method can 
accurately unwrap 3D phase data. The proposed CLOSE3D 
method will contribute to phase-related applications such as 
SWI and QSM in MRI.
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Supplementary

Appendix 1

Here we compare the proposed CLOSE3D method with relatively new, previously existing algorithms, including the quality-
guide and graph-cut phase-unwrapping algorithms. One simulated Gaussian phase cube (256×256×100) was generated 
to compare CLOSE3D with relatively new, previously existing algorithms, including the region-growing (RG) (22),  
Graph_cut (31), and SEGUE (32) phase-unwrapping algorithms. The original phase was calculated as: 

( )
2 2
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x y

x y z z eφ
+

−
= × + × ×  [S1]

where x, y, and z are spatial positions, and the SD was 40 pixels. The magnitude increased from 10 to 120 in increments of 
10 in the xOy plane. Gaussian noise with SD of 20 rad was added. The MCR was calculated as the incorrect unwrapped pixel 
ratio in VOI. The simulation was repeated 20 times, and the corresponding means and SDs of error ratio (%), and running 
time(s) were separately calculated. 

Figure S1 shows the phase-unwrapping results by RG, Graph_cut, SEGUE, and CLOSE3D under different noise levels in 
a clockwise direction in the xOy plane, and different phase variation levels along the z axis direction. There are obvious wraps 
in the results by the RG, Graph_cut, and SEGUE methods, whereas the proposed method obtained a smooth unwrapped 
phase. The means and SDs of the error ratios by RG, Graph_cut, and SEGUE were 39.25%±15.88%, 4.18%±0.07%, and 
13.19%±0.69%, respectively, which were all larger than that with CLOSE3D. The mean and SD of the error ratio with 
the proposed method was 0.14%±0.01%. The means and SDs of the running time with RG, Graph_cut, SEGUE and the 
proposed method were 4.8±0.1 s, 9,769.8±813.3 s, and 13,349.9±1,173.3 s and 18,150.5±1,526.6 s, respectively. The RG and 
Graph_cut methods were faster than the SEGUE and CLOSE3D algorithms. Graph_cut and RG were programed by C, 
whereas SEGUE and the proposed method were programed by MATLAB. After running more than 24 h, the unwrapped 
phase by the PRELUDE method had not been generated.

To show the accuracy in the regions with the discontinued phase, one simulated Gaussian phase cube (128×128×64) was 
generated; the original phase was calculated as: 
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where x, y, and z are spatial positions, the SD was 25 pixels and the magnitude was 100. Gaussian noise with SD of 10 rad was 
added. The pixels in the predefined ring region were set to zero.

Figure S2 shows the phase-unwrapping results of the simulated data with disconnected phase regions by RG, Graph_cut, 
SEGUE, and CLOSE3D. There are obvious wraps in the results of the RG, Graph_cut, and SEGUE methods, whereas the 
CLOSE3D obtains a smooth unwrapped phase. 

The independent sample Student’s t-test was used to illustrate the performance difference of the 3 methods by rigorous 
statistical comparison of the results of the simulated dataset with different noise levels. The statistical comparisons of the 
error ratios of RG and PRELUDE with that of the CLOSE3D over the simulated data with different noise levels are shown 
in Table S1. When the noise level was <40%, the means and SDs of the error ratio by the 3 methods were all 0.00%±0.00%. 
The independent sample Student’s t-test could be not used, which indicates that there is no difference between RG and 
CLOSE3D, and PRELUDE and CLOSE3D. When the noise level was equal to 40%, the means and SDs of the error ratio 
by the 3 methods were 0.90%±0.16%, 0.01%±0.01% and 0.01%±0.01%, respectively. The independent sample Student’s 
t-test results indicated that the error ratio of RG (P=0.001) was significantly higher than that of CLOSE3D. When the noise 
level was equal to 60%, the means and SDs of the error ratio by the 3 methods were 32.00%±23.56%, 0.20%±0.17% and 
0.08%±0.09%, respectively. The independent sample Student’s t-test results indicated that the error ratios of RG (P=0.000) 
and PRELUDE (P=0.007) were significantly higher than that of the proposed method. When the noise level was equal 
to 80%, the means and SDs of the error ratio by the 3 methods were 47.14%±37.38%, 0.65%±0.63% and 0.22%±0.23%, 
respectively. The independent sample Student’s t-test results indicated that the error ratios of RG (P=0.000) and PRELUDE 
(P=0.014) were significantly higher than that of the proposed method.

The quantitative analysis of QSM values in deep grey matter nuclei is shown in Figure 5. We present 2 representative axial 
slices of QSM from volunteers in Figure S3. The subcortical structures of the targeted deep grey matter nuclei were directly 
identified and manually segmented on the QSM images using the ITK-SNAP software (33). The means and SDs of the QSM 
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values of the subcortical structures are reported in Table S2. The variations in QSM values for the subcortical structures are 
essentially consistent with the reference (34).

We used simulated data to compare the error ratios and running times for CLOSE3D using 2-order and 3-order 
polynomial functions. One simulated Gaussian phase cube (128×128×64) was generated; the original phase was calculated as 
follows: 
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Where x, y, and z are spatial positions, the SD was 25 pixels and the magnitude was 100. Gaussian noise with SD of 50 rad 
was added. The simulation was repeated 20 times, and the corresponding means and SDs of the error ratio (%), and running 
time(s) were separately calculated.

Figure S4 shows the 3D unwrapped results for the simulated data with CLOSE3D using 2-order and 3-order polynomial 
functions. There are very few error voxels in the unwrapped results. The mean and SD of the error ratio by CLOSE3D using 
2-order polynomial function was 0.01%±0.01%, which is slightly larger than that of CLOSE3D using 3-order polynomial 
function. The mean and SD of the error ratio by CLOSE3D using 3-order polynomial function was 0.003%±0.003%. The 
mean and SD of running time by CLOSE3D using 2-order polynomial function was 2019.2±179.7 s. However, the mean and 
SD of running time by CLOSE3D using 3-order polynomial function is 3519.2±332.7 s, which is much slower.
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Figure S1 Unwrapped results of the simulated Gaussian phase cube with different SNRs in the clockwise direction in the xOy plane, and 
different phase variation levels along the z axis by the RG, Graph_cut, SEGUE, and CLOSE3D methods. Arrows indicate obvious error 
residues. The means and SDs of the MCR, running time, and programming language are shown.
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Figure S2 3D unwrapped results of the simulated data with disconnected phase regions by the RG, Graph_cut, SEGUE, and CLOSE3D 
methods. The original phase is the summation of added noise and true phase generated by Eq. S2.
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Figure S3 Two representative axial slices of QSM images from the cerebral hemorrhage volunteers with color overlay of targeted deep grey 
matter nuclei. QSM, quantitative susceptibility mapping; SN, substantia nigra; RN, red nucleus; CN, caudate nucleus; PUT, putamen; GP, 
globus pallidus; THA, thalamus.

Figure S4 3D unwrapped results for the simulated data by CLOSE3D using 2-order and 3-order polynomial functions. The original phase 
is the summation of added noise and true phase generated by Eq. S3. The results in the second and third rows were separately unwrapped by 
CLOSE3D using 2-order and 3-order polynomial functions.
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Table S1 Statistical comparison of the error ratios of RG and PRELUDE with that of CLOSE3D over the simulated data with different noise 
levels

Simulated data Method Error ratio (Mean ± SD, %) P value

0% noise RG 0.00±0.00 N/A

PRELUDE 0.00±0.00 N/A

CLOSE3D 0.00±0.00 N/A

20% noise RG 0.00±0.00 N/A

PRELUDE 0.00±0.00 N/A

CLOSE3D 0.00±0.00 N/A

40% noise RG 0.90±0.16 0.001

PRELUDE 0.01±0.01 0.193

CLOSE3D 0.01±0.01 N/A

60% noise RG 32.00±23.56 0.000

PRELUDE 0.20±0.17 0.007

CLOSE3D 0.08±0.09 N/A

80% noise RG 47.14±37.38 0.000

PRELUDE 0.65±0.63 0.014

CLOSE3D 0.22±0.23 N/A

Table S2 Regional QSM values for the cerebral hemorrhage volunteers (mean ± SD, ppm)

Data Location SN RN CN PUT THA GP

Three 
volunteers

Left 0.119±0.027 0.059±0.020 0.046±0.022 0.033±0.024 0.012±0.010 0.127±0.031

Right 0.107±0.024 0.062±0.019 0.039±0.021 0.038±0.024 0.012±0.011 0.126±0.026

QSM, quantitative susceptibility mapping; SN, substantia nigra; RN, red nucleus; CN, caudate nucleus; PUT, putamen; THA, thalamus; GP, 
globus pallidus; SD, standard deviation


