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Background: Susceptibility-weighted imaging (SWI) is a 
useful tool for evaluating brain paramagnetic mineralization. 
The aim of this study was to evaluate SWI filtered phase shift in 
brain gray nuclei of Wilson’s disease (WD).
Methods: Twenty-three WD patients and 23 age- and gen-
der-matched healthy controls underwent SWI. Phase values of 
bilateral brain gray nuclei were measured on corrected phase 
image of all subjects.
results: Compared with healthy controls, WD patients 
showed a trend of negative phase shift in all regions of interest, 
and significantly lower phase value was found in bilateral puta-
men (PU) (left P = 0.009, right P = 0.001), caudate (left P = 0.001, 
right P = 0.001), thalamus (TH) (left P < 0.001, right P < 0.001), 
red nucleus (left P = 0.031, right P = 0.049), and substantia nigra 
(left P = 0.003, right P = 0.047). The WD patients groups were 
divided into neurological, hepatic, and asymptomatic onset 
subgroups. And neurological onset patients had lower phase 
value than hepatic onset patients on bilateral PU (left P = 0.025, 
right P = 0.002) and TH (left P = 0.025, right P = 0.025).
conclusion: Abnormal negative phase value was signifi-
cantly increased in brain gray nuclei of WD patients, giving 
evidence in vivo about paramagnetic mineralization accumu-
lating in brain gray nuclei. The phase shift of SWI could be used 
as a potential biomarker to help in diagnosing and evaluating 
WD.

Wilson’s disease (WD), known as hepatolenticular degen-
eration, is an autosomal recessive inherited disorder of 

copper metabolism. It is characterized by an excretion dys-
function of copper, leading to the toxic deposition in the liver 
and the brain, causing chronic liver disease or/and progressive 
neurologic and psychiatric impairment. Liver and brain biopsy 
have demonstrated copper deposition of WD in liver and brain 
(1,2). Animal model studies have also indicated that copper 
and iron accumulate in brain striatum and substantia nigra 
(SN) (3,4). Magnetic resonance imaging (MRI) is a useful tool 
for diagnosis of various neurometabolic diseases, and has been 
used to diagnose and evaluate prognosis of WD. It is charac-
terized with T2-weighed imaging (T2WI) and T2 weighted 

fluid attenuated inversion recovery (T2-FLAIR) hyperintense 
lesions, T1-weighted imaging (T1WI) hypointense lesions 
involving bilateral lenticular nucleus, caudate (CA) nucleus, 
and/or thalami, midbrain, with “face of the giant panda” sign 
in the midbrain and “face of panda cub” sign in the pons (5,6). 
Although Andersen et al. have reported the abnormal high sig-
nal on T1WI and low signal on T2WI in MR imaging of WD 
patients, speculating the probability of paramagnetic effect 
of the copper accumulation (7). However, the high-signals 
on T2WI in brain gray nuclei, which represent pathological 
changes, such as edema, gliosis, neuronal necrosis, or spongi-
form degeneration (8,9), usually cover up the paramagnetic T2 
hypointense. Thus, it is difficult for traditional MR imaging to 
evaluate the brain mineral deposition in WD patients.

Recently, improved MRI technique, such as susceptibility-
weighted imaging (SWI), which provides unique contrast-
based on tissue susceptibility differences, has been shown to be 
superior in its ability to demonstrate paramagnetic substance 
deposition in brain (10). Several previous studies have indi-
cated that SWI phase shifts correlate with brain iron concen-
tration in various brain regions of healthy adults (11). Copper 
is also paramagnetic ion (12). In physiological phenomenon, 
the concentrations of brain copper are too small to produce a 
detectable MR contrast. Some studies demonstrated that under 
pathological conditions, it is conceivable that in some regions 
brain copper content could be sufficient to be detectable by 
MR imaging (13). In this study, we utilized the measurement 
of corrected phase images based on SWI to investigate whether 
there were phase shifts between WD patients and healthy con-
trols in brain gray nuclei and whether symptoms related with 
phase value.

RESULTS
Population Data
The demographic and laboratory parameters of all the subjects 
were demonstrated in Table 1. A total of 23 WD-diagnosed 
patients were evaluated, including 15 males and 8 females, the 
mean age was 17.1 ± 8.7 y (range 6–35 y). At the time of evalu-
ation with MRI, the mean duration of onset was 8.3 ± 10.8 mo. 
The mean values of the blood ceruloplasmin, blood copper and 
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urinary copper were 7.88 ± 3.12 mg/dl, 3.99 ± 1.33 mg/dl, and 
166.57 ± 58.50 μg/24 h, as well as a presence of a Kayser–Fleischer 
(K–F) ring in 17 patients (73.9%). Of these 23 patients, 19 
patients (82.6%) were newly diagnosed with WD, and the other 
4 patients (17.4%) already received medical therapy, such as 
D-penicillamine (n = 4), or/and zinc (n = 1) at the time of MRI.

In order to study the clinical manifestations, we divided symp-
toms or signs into hepatic, neurological, and asymptomatic 
groups. Sixteen of 23 patients (69.57%) had onset with neurolog-
ical manifestations and 5 (21.74%) with hepatic manifestations. 
Two patients (8.70%) were “asymptomatic” at the time of diag-
nosis and were identified on family screening. The most frequent 
symptoms in our WD patient population were of neurological 
origin in more than half of case. The patients were from 21 fami-
lies, 2 asymptomatic patients were siblings of one neurologic 
symptom patient and one hepatic symptom patient, respectively.

Conventional brain MRI was abnormal in all 16 (100%) 
neurologic origin patients, 3 (60%) hepatic origin patients, 
and was normal in 2 (100%) asymptomatic patients. Most 

of abnormalities in basal ganglia were typical symmetri-
cal or asymmetrical hypointense on T1WI (Figure 1a) and 
hyperintense on T2WI (Figure 1b), with 11 patients having 
hypointense lesions on T2WI (Figure 1f). No patients showed 
hyperintense lesion on T1WI. While all the 17 patients with 
abnormal imagings have sharp margined hypointense lesions 
on SWI (Figure 1,h).

Phase Shift Between WD Patients and Healthy Controls
To assess the phase shift between WD patients and healthy 
subjects, we analyzed all the 23 WD patients recruited and 23 
age- and sex-matched healthy controls. The results showed 
all the phase value data measured from regions of interests of 
WD patients were lower than those of control subjects (Table 
2, Figure 2), and significantly negative phase shift was found 
in bilateral putamen (PU) (left P = 0.009, right P = 0.001), 
CA (left P = 0.001, right P = 0.001), thalamus (TH) (left P < 
0.001, right P < 0.001), red nucleus (RN) (left P = 0.031, right 
P = 0.049) and SN (left P = 0.003, right P = 0.047) (Figure 2). 

table 1. Clinical characteristics, laboratory parameters, and phase values of 23 WD patients and HC

At initial presentation

WD

HC
Neurological 
presentation

Hepatic 
presentation

Asymptomatica 
patients Total

Patients (No.) 16 5 2 23 23

Males/females (No.) 12/4 3/2 0/2 15/8 15/8

Age at testing (years, mean ± SD) 17.9 ± 8.5 15.2 ± 10.9 15.5 ± 7.8 17.13 ± 8.7 16.9 ± 8.5

Duration of symptoms’ onset (months, mean ± SD) 8.88 ± 9.50 3.4 ± 4.8 3.5 ± 3.5 8.26 ± 10.41

K–F ring present (No.) 12 4 1 17

Ceruloplasmin (mg/dl) (No.) (normal >20 mg/dl) 8.36 ± 3.31 6.36 ± 2.18 9.90 ± 2.69 7.88 ± 3.12 24.16 ± 2.07

Nonceruloplasmin bound serum copper (normal: 10–25 mg/dl) 4.06 ± 1.15 3.40 ± 4.83 6.55 ± 1.34 3.99 ± 1.33

24-h urinary copper excretion (increased >100 μg/24 h) 169.94 ± 58.05 183.20 ± 38.54 80.50 ± 6.36 166.57 ± 58.50

Family background 2 1 2 5

Siblings 1 1 2 4

Parents 1 0 0 1

Phase value (mean ± SD)

  Left-PU −0.160 ± 0.123 −0.054 ± 0.044 −0.043 ± 0.002 −0.125 ± 0.115 −0.053 ± 0.027

  Right-PU −0.135 ± 0.128 −0.026 ± 0.014 −0.018 ± 0.015 −0.100 ± 0.118 −0.026 ± 0.020

  Left-GP −0.143 ± 0.044 −0.146 ± 0.059 −0.132 ± 0.002 −0.143 ± 0.045 −0.139 ± 0.041

  Right-GP −0.129 ± 0.065 −0.114 ± 0.052 −0.092 ± 0.034 −0.124 ± 0.059 −0.114 ± 0.024

  Left-CA −0.157 ± 0.086 −0.107 ± 0.038 −0.123 ± 0.018 −0.142 ± 0.076 −0.097 ± 0.024

  Right-CA −0.114 ± 0.068 −0.069 ± 0.028 −0.060 ± 0.024 −0.110 ± 0.012 −0.053 ± 0.015

  Left-TH −0.040 ± 0.028 −0.017 ± 0.012 −0.014 ± 0.006 −0.323 ± 0.026 −0.10 ± 0.009

  Right-TH −0.034 ± 0.036 −0.109 ± 0.007 −0.008 ± 0.002 −0.026 ± 0.032 −0.007 ± 0.032

  Left-RN −0.089 ± 0.066 −0.078 ± 0.086 −0.063 ± 0.070 −0.084 ± 0.068 −0.041 ± 0.059

  Right-RN −0.078 ± 0.058 −0.051 ± 0.070 −0.038 ± 0.028 −0.069 ± 0.058 −0.032 ± 0.058

  Left-SN −0.272 ± 0.127 −0.182 ± 0.103 −0.174 ± 0.038 −0.243 ± 0.122 −0.152 ± 0.012

  Right-SN −0.221 ± 0.126 −0.138 ± 0.097 −0.168 ± 0.002 −0.197 ± 0.117 −0.135 ± 0.009
aThe asymptomatic patients were identified due to family screening. The two recruited asymptomatic patients were siblings of one neurological WD patient and one hepatic WD 
patient, respectively.
CA, caudate; GP, globus pallidus; HC, healthy controls; K–F ring, Kayser–Fleischer ring; No., number; PU, putamen; RN, red nucleus; SN, substantia nigra; TH, thalamus; WD, Wilson’s 
disease.
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There is no significant difference in left and right globus pal-
lidus (GP) (left P = 0.372, right P = 0.130).

Phase Shift Between Different Symptom Groups
Among the 23 patients with WD, 16 patients originated with 
neurological manifestations, 5 with hepatic manifestations. In 
order to probe whether different symptoms related with dif-
ferent phase values in different regions, we analyzed our data 
according to different symptoms. The results showed that, in 
most of brain region measured, the phase value of neurologi-
cal WD patients were higher than that of hepatic WD patients 
(Table 1, Figure 3), and there was significant lower negative 

phase value in bilateral PU (left, P = 0.025; right, P = 0.002) 
and bilateral TH (left, P = 0.025; right, P = 0.025) of neurologi-
cal WD patients, compared with hepatic WD patients.

DISCUSSION
SWI is a high-resolution, 3D fully flow-compensated gradi-
ent echo sequence, it uses magnitude and phase information, 
to enhance the local tissue susceptibility variations informa-
tion (14). Its brilliant phase shift at high magnetic fields has 
been well documented, in particular for mineral storage. Phase 
images contain numerous information about susceptibility 
diversity among tissues, which can be useful in evaluating 

Figure 1. Illustration of magnetic resonance imaging and susceptibility-weighted imaging (SWI) characteristics of Wilson's disease patients. (a–d) T1WI, 
T2WI, SWI corrected magnetic image and corrected phase image of a 12 y old diagnosed Wilson’s disease (WD) girl; (a,b) the T1WI hypointense and T2WI 
hyperintense on bilateral putamen (dark arrow) and caudate, which indicate the pathological process of edema, gliosis, neuronal necrosis, or spongiform 
degeneration. (e–h) T1WI, T2WI, corrected magnetic image and corrected phase image of a 11-y-old female patient; (f) nodular hypointense lesion on left 
putamen (white arrow), indicating paramagnetic signals; (g,h) corrected magnetic image and corrected phase image, showing marked margin of dark 
lesion on left putamen (white arrow).

a b c d

e f g h

table 2. Phase valuesa for each ROI of all participants

ROI

Phase value of WD (radians) Phase value of controls (radians)

M (n = 15) F (n = 8) Total (n = 23) M (n = 15) F (n = 8) Total (n = 23)

Left-PU −0.147 ± 0.139 −0.087 ± 0.030 −0.125 ± 0.115 −0.057 ± 0.032 −0.047 ± 0.018 −0.053 ± 0.027

Right-PU −0.128 ± 0.139 −0.051 ± 0.033 −0.100 ± 0.118 −0.028 ± 0.185 −0.021 ± 0.227 −0.026 ± 0.020

Left-GP −0.134 ± 0.051 −0.157 ± 0.026 −0.143 ± 0.045 −0.134 ± 0.048 −0.146 ± 0.026 −0.139 ± 0.041

Right-GP −0.121 ± 0.052 −0.131 ± 0.073 −0.124 ± 0.059 −0.111 ± 0.029 −0.123 ± 0.011 −0.114 ± 0.024

Left-CA −0.142 ± 0.095 −0.144 ± 0.020 −0.142 ± 0.076 −0.098 ± 0.028 −0.096 ± 0.016 −0.097 ± 0.024

Right-CA −0.118 ± 0.018 −0.097 ± 0.007 −0.110 ± 0.012 −0.051 ± 0.016 −0.056 ± 0.014 −0.053 ± 0.015

Left-TH −0.028 ± 0.016 −0.040 ± 0.038 −0.323 ± 0.026 −0.011 ± 0.010 −0.008 ± 0.006 −0.10 ± 0.009

Right-TH −0.030 ± 0.036 −0.020 ± 0.022 −0.026 ± 0.032 −0.008 ± 0.009 −0.044 ± 0.007 −0.007 ± 0.032

Left-RN −0.090 ± 0.071 −0.074 ± 0.065 −0.084 ± 0.068 −0.040 ± 0.047 −0.042 ± 0.080 −0.041 ± 0.059

Right-RN −0.077 ± 0.063 −0.056 ± 0.049 −0.069 ± 0.058 −0.029 ± 0.047 −0.036 ± 0.078 −0.032 ± 0.058

Left-SN −0.245 ± 0.141 −0.238 ± 0.086 −0.243 ± 0.122 −0.164 ± 0.050 −0.131 ± 0.058 −0.152 ± 0.012

Right-SN −0.205 ± 0.139 −0.185 ± 0.070 −0.197 ± 0.117 −0.139 ± 0.038 −0.129 ± 0.055 −0.135 ± 0.009

CA, caudate; F, female subjects; GP, globus pallidus; M, male subjects; PU, putamen; RN, red nucleus; ROI, region of interest; SN, substantia nigra; TH, thalamus.
aPhase value = mean + SD.
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mineralization that changes the local field (15), including 
paramagnetic substance and diamagnetic substance.

Decreased Phase Value in Gray Nuclei of WD Patients
The results showed there was lower phase value in brain gray 
nuclei of WD patients, relative to healthy controls. Significantly 
decreased phase value was detected in bilateral PU, CA, TH, RN, 

and SN, compared with age- and gender-matched healthy con-
trols. Studies have confirmed the negative relationship between 
paramagnetic mineralization and phase value (16,17), so the 
negative phase shift of our study indicated that there is para-
magnetic mineralization primarily depositing in these regions.

Copper is paramagnetic ion. In physiological phenom-
enon the concentrations of copper in the brain are too small 

Figure 2. Phase shift of bilateral regions of interest (ROIs) between Wilson’s disease (WD) and healthy controls (HC). Black column corresponds to the mean 
phase value of WD patient (n = 23) and white column corresponds to the mean phase value of healthy controls (n = 23). Differences of phase shift of ROIs 
between WD and healthy controls are analyzed using Mann–Whitney U-tests, and significant differences are indicated with * (P < 0.05), ** (P < 0.005).
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Figure 3. Phase value difference between neurological Wilson’s disease (WD) patients and hepatic WD patients. Black column corresponds to the mean 
phase value of neurological WD patients (n = 16) and white column corresponds to the mean phase value of hepatic WD patients (n = 5). Differences 
of phase shift of regions of interest (ROIs) between WD and healthy controls are analyzed using Mann–Whitney U-tests, and significant differences are 
indicated with * (P < 0.05), ** (P < 0.005).
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to produce a detectable MR contrast. Some studies demon-
strated that under pathological and experimental conditions, 
it is conceivable that brain copper content could be sufficient 
to be detectable in specific regions using MR imaging (2). 
Furthermore, WD is a copper overloading disease, brain cop-
per concentration has been reported to be 10- to 15-fold than 
in normal conditions (reference values are 13 to 60 mg/g). 
Autopsy studies have reported that the mean concentration 
of brain copper, ranging from 88 to 158 µg/g of dry tissue, is 
higher than normal reference value (2,18). Moreover, remark-
ably increased copper level has been found in rat model of WD 
(4). Therefore, it is speculated that the negative phase shift 
mostly reflexes copper deposition. However the contribution 
of copper to the degree of susceptibility effects in SWI has not 
been determined yet.

Previous studies have focused most on the relationship 
between SWI and iron level, and proved that SWI phase shifts 
correlated with brain iron concentration (11,19). WD is a 
ceruloplasmin deficient neurodegenerative disease, and ceru-
loplasmin plays an important role in iron release from the 
brain neuronal cells (20). Ceruloplasmin is considered as the 
critical ferroxidase, and it plays a role in oxidizing the ferrous 
iron (Fe2+) to ferric iron (Fe3+). Reduced Cp ferroxidase activ-
ity could lead to cellular iron overload, and subsequently, to 
elevated ferritin level. When serum ceruloplasmin decreased 
to extremely low level, iron abnormality may come into being 
in WD (21). Iron deposition in brain gray nuclei had been 
demonstrated in previous animal model study (3). Iron, com-
pared with copper, is powerful paramagnetic substance. Then 
the negative phase shift may be much more contribute to the 
paramagnetic effete of iron which excessive the effect induced 
by copper accumulation.

In the absence of comparative neuropathologic MRI studies, 
the nature of dark-signal lesions remains unclear. The exces-
sive copper and iron has been found both existing in WD rat 
brain (3). One more possibility is that the negative phase shift 
may be the result of copper and iron interaction.

The Phase Shift of Bilateral GP
Bilateral phase value in brain GP with WD had no difference 
with control groups, even though there was a trend of negative 
phase shift. One possible explanation may resolve our find-
ings. Postmortem and in vivo studies have identified the GP 
being the most iron-rich structure (up to 200 µg/g tissue wet 
weight) regardless of age (22,23), the iron concentration of GP 
is already in high level in healthy brain. The degree of copper 
accumulation, with or without iron elevation, in GP might be 
too small to induce statistical phase shift. Furthermore, iron is 
super-paramagnetic substance, the phase shift induced by iron 
would cover up that induced by copper. Therefore, although 
the phase value of bilateral GP decreased in WD patients, there 
is no statistical difference.

The Clinical Manifestations and Phase Shift
WD is a disorder of copper dysbolism, absent or reduced 
function of ceruloplasmin leads to decreased hepatocellular 

excretion of copper into bile. This results in hepatic copper 
accumulation and leading to hepatic injury and symptoms 
(24). Also, the overload of brain copper impairs the neurons 
and results in neurological disorder (25). It is considered that 
accumulation of copper occurs early in liver (26), and hepatic 
symptoms are the most common onset of WD, so when the 
neurologic symptoms occur, more copper has deposited in 
brain regions than that with mere hepatic symptoms. In our 
study, the higher negative phase value in neurologic WD 
patients in brain regions support this pathological process.

Limitations and Future Work
In this study, the nature of negative phase shift is mostly based 
on literatures inference. Whether copper or iron mainly con-
tribute to the phase shift, neuropathology study would be 
needed to make it clear in the future study. Furthermore, cop-
per is mild paramagnetic ion, a paucity of studies have investi-
gated the effect of copper on the SWI, and the contribution of 
copper to the degree of phase shift in SWI has not been deter-
mined yet. All of these are also necessary work to make it clear 
in the future study. Furthermore, the sample size in this study 
is small. There are only two asymptomatic WD patients were 
recruited, which is too small to be analyzed, so in the future 
study, we will continue the increase of subjects sample in order 
to complete the study on evaluating the paramagnetic ion 
accumulation among different symptoms of WD.

Conclusion
In this study, the negative phase shift is detected in WD brain 
gray nuclei on SWI, in both symptomatic groups and asymp-
tomatic group, suggesting there was paramagnetic ion depo-
sition in vivo. Moreover, the lower negative phase value on 
neurological onset patients indicates more paramagnetic ion 
deposition than hepatic onset patients. These results imply that 
the phase shift of SWI could be used as a potential biomarker 
to help diagnosing and evaluating WD.

METHODS
Subjects
Twenty-three patients diagnosed of WD (15 males and 8 females, 
range = 6–35 y, mean = 17.1 ± 8.7 y) and twenty-three age- and gen-
der-matched healthy controls were evaluated. Sixteen patients were 
neurological onset, five with hepatic onset, and two with no symp-
toms. All the WD patients were diagnosed basing on their clinical 
examinations, laboratory and imaging findings. All the age- and gen-
der-matched control subjects, with normal blood ceruloplasmin, had 
no history of neurologic/psychiatric disorders, neither hepatic dis-
ease, abnormal signal in structural MRI. Two patients were excluded 
because of poor quality imaging.

This study was approved by Shandong University ethics board, 
all subjects or their legal representatives gave informed consent for 
participation.

MRI Protocol
All the MRI examinations were performed on a 3.0-T system (Signa 
HDx, GE Medical System, Milwaukee, WI) equipped with a standard 
eight-channel head coil. The head was immobilized in the head coil 
with foam padding without any left–right tilt. The imaging  protocol 
included: sagittal T2-weighted (T2W) fast spin-echo (FSE) (TR/TE 
4500/122), axial T1-weighted fluid attenuated inversion recov-
ery (T1-FLAIR) (TR/TE 1957/27), T2-weighted fluid attenuated 
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inversion recovery (T2-FLAIR) (TR/TE 9002/157), with field of view 
24 cm × 24 cm, 256 × 320 matrix, 5 mm slices thickness, 1.5 mm slice 
gap. Sagittal T2-FSE images were acquired to locate the exact posi-
tions of the anterior and posterior commissural line (AC–PC line). 
Routine magnetic resonance scanning range covered the whole brain. 
The susceptibility-weighted images were performed parallel to the 
AC–PC line and covered the nuclei of the basal ganglia and mesen-
cephalon. The protocols were set as follows: repetition time (TR) = 
38 ms, echo time (TE) = 25 ms, flip angle = 20°, matrix = 448 × 256 
(Nx × Ny), field of view = 24 cm × 24 cm. A total of 50 slices were 
collected with a slice thickness of 2.0 mm and no gap between slices. 
Both original phase and magnitude images were acquired, only phase 
data were used for further analysis in this study.

Image Processing
All the data processing were operated on a separate workstation 
(ADW4.3, GE), phase images were high-pass filtered to create cor-
rected phase images with a central matrix size of 64 × 64 (15), in order 
to remove varying phase shifts which arise predominantly from back-
ground field inhomogeneities and air-tissue interfaces (15,27). Twelve 
structures including bilateral PU, GP, CA, TH, RN, and SN were mea-
sured on the corrected phase images, and the phase value ranged from 
−π to +π.

The regions of interest were identified and hand-drawn according 
to the anatomical structures by a trained neuroradiologist, blinded 
to subject data. The value showed on the corrected phase image was 
the mean phase value of the structure drawn. The structures were 
zoomed-in by a factor of 2.0 to make the boundaries easier to define. 
The first, second and third slices above the AC–PC line were used to 
obtain data from the bilateral GP, PU, CA, TH (Figure 4a), and the 
final values were the means of the drawn. The data of the SN and 
RN were obtained from the slice in which the region of interest was 
largest (Figure 4b), which demonstrated the most well-defined bor-
der, and represented the expected area for each interested region. 
Furthermore, the slices which were severely affected by sinus artifacts 
were excluded.

Statistics
All statistical analyses were performed by operators blinded to par-
ticipants’ status with the use of Statistical Package for Social Sciences 
version 17.0 software for Windows (SPSS, Chicago, IL). After the 
analysis about the normality of the data (Shapiro–Wilk test), the 
distributions were not normal (P < 0.05). Mann–Whitney U-tests 
were used to compare all the regions of interests phase values of WD 
patients with those of control subjects, and to evaluate whether there 
was phase difference between neurological origin patients and hepatic 
origin patients. Because there were only two asymptomatic patients, 
the sample size was too small; the comparison between symptomatic 
patients and asymptomatic patients was not evaluated. For all the 
results, statistical significance is determined as P < 0.05.
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