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Background: Preliminary scientific evidence suggests that freezing of gait (FoG) in patients with Parkinson
disease (PD) is linked to noradrenergic dysfunction in the locus coeruleus (LC). However, definitive findings
regarding the correlation between FoG occurrence and the LC are lacking. This study thus aimed to investigate
the relationship between the FoG occurrence and LC degeneration in patients with PD by analyzing the signal
characteristics of the LC in neuromelanin-sensitive magnetic resonance imaging (NM-MRI).

Methods: This study enrolled 22 patients with PD and FoG, 24 patients with PD without FoG, and 13
matched healthy controls (HCs). All participants underwent magnetic resonance imaging (MRI) scanning
and clinical assessments. The contrast-to-noise ratio (CNR) of LC was measured on NM-MRI images. We
used two statistical models (model 1 and model 2) to screen and adjust for potential confounding factors and
evaluated the independent relationship between LC’s CNR and FoG.

Results: The statistical models showed that except for the target factor FoG [model 1: =0.127, 95%
confidence interval (CI): 0.019-0.236, P=0.023; model 2: p=0.153, 95% CI: 0.019-0.287, P=0.026], rapid-
eye-movement sleep behavior disorder (RBD) (model 1: f=0.182, 95% CI: 0.073-0.291, P=0.002; model 2:
B=0.171, 95% CI: 0.048-0.294, P=0.008), and gender (model 1: B=0.150, 95% CI: 0.042-0.257, P=0.007)
were independent factors associated with the CNR of the left LC. Among these, RBD had the greatest
influence, followed by gender and FoG.

Conclusions: Our findings indicated that the FoG is associated with noradrenergic dysfunction caused by
LC degeneration.
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Introduction

Freezing of gait (FoG) is a common gait pattern in
individuals with advanced Parkinson disease (PD) with a
poor prognosis and significantly affects patients’ quality
of life in terms of falls and disability (1). However, the
pathophysiological mechanism underlying the emergence of
FoG in PD is still unclear.

Nondopaminergic pathways are assumed to be involved
in FoG occurrence since they are in an “on” state but
do not respond adequately to dopamine replacement
therapy or deep brain stimulation (2,3). Dysfunction of
the noradrenergic network in FoG has been confirmed
in analyses on behavioral characteristics and some
pharmacological and laboratory evidence. Behavioral
studies suggest that FoG is often triggered by impaired
attention and executive function during the approach
to a destination and performance of dual tasks, which
is often accompanied by noradrenergic dysfunction
(4,5). Extensive pharmacological evidence suggests that
certain norepinephrine (NE) prodrugs can improve FoG
symptoms; however, there may be variability in efficacy
because these drugs tend to be effective in patients with
dopamine resistance or those with advanced-stage FoG (6).
In addition, a laboratory examination with a small sample of
cerebrospinal fluid revealed that the concentration of NE
decreases significantly with the progression of FoG (7,8).

Neuromelanin-sensitive magnetic resonance imaging
(NM-MRI), a novel magnetic resonance imaging (MRI)
technique, is purportedly capable of indirectly assessing the
noradrenergic function of the locus coeruleus (LC) (9-12),
which is the main noradrenergic nucleus of the brain and
serves as the largest “reservoir” of NE in vivo (13). Large-
sample NM-MRI studies of the LC in patients with
PD have identified a positive correlation between LC
degeneration and nonmotor symptoms, such as psychiatric
alterations, sleep disruption [especially rapid-eye-movement
sleep behavior disorder (RBD)], cognitive impairment,
depression, and apathy (14-16). In addition, these nonmotor
symptoms have been found to be some of the risk factors for
FoG (17,18), which has prompted researchers to investigate
the relationship between FoG and LC degeneration in PD
via NM-MRI.

We therefore posited the following hypothesis: LC
degeneration in PD is independently associated with FoG
occurrence. This study aimed to investigate the relationship
between LC NM-MRI features—which can reflect the
function of NE—and FoG occurrence. We employed a
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retrospective approach and due to the presence of numerous
confounding factors influencing LC NM-MRI features,
we used two statistical models, multifactor stepwise linear
regression and the change-in-estimate (CIE) method, to
screen and adjust for these factors; thus, we could determine
the independent relationship between LC NM-MRI
features and FoG. We present this article in accordance with
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-1486/rc).

Methods
Participants

From March 2022 to December 2022, we consecutively
reviewed 70 patients with PD and 15 healthy controls (HCs)
from the Department of Neurology, China-Japan Union
Hospital of Jilin University, to investigate the LC NM-MRI
features. The clinical diagnosis of patients with PD was
performed according to the criteria set by the Movement
Disorder Society in 2015 (19). The exclusion criteria
for patients with PD were as follows: (I) dementia; (II)
incomplete responses to the required questionnaires; and
(IIT) poor image quality. Meanwhile, the exclusion criteria
for the HC group were (I) a history of severe neurological
or psychiatric disorders or neurodegenerative diseases and
(I) poor image quality.

We ultimately enrolled 46 patients with PD and 13 HCs:
23 patients were excluded because of incomplete scale
information and one patient because of dementia, and two
HCs were excluded because of poor scan quality. Patients
with PD were divided into the PD FoG+ group (n=22)
and the PD FoG- group (n=24). This study was approved
by the Ethics Review Committee of the China-Japan
Union Hospital of Jilin University (No. 2023111003) and
conducted in accordance with the Declaration of Helsinki (as
revised in 2013). Informed consent was obtained from all
the patients.

Clinical and neuropsychology evaluations

In this study, we aimed to investigate whether FoG is
independently associated with the contrast-to-noise ratio
(CNR) of the LC. FoG status was defined according to
the clinical features assessed by senior physicians who
had been working for more than 10 years and a FoG self-
report index with a minimum score of 2 on item 3, the

Freezing of Gait Questionnaire (FoG-Q) (20). Clinical
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Figure 1 NM-MRI of the LC. (A) The LC in the HC group (white arrow). (B) The LC in the PD group (white arrow). (C) The locations
of the LC ROIs (green and red circular ROIs) and PT ROIs (purple circular ROIs) in ITK-SNAP software are shown. LC, locus coeruleus;

NM-MRI, neuromelanin-sensitive magnetic resonance imaging; HC, healthy control; PD, Parkinson disease; ROI, region of interest; PT,

medial pontine.

features primarily included the following: (I) a foot or toe
tip not moving off the ground or only moving across the
ground; (1) the legs trembling alternately on both sides at a
frequency of 3 to 8 Hz; (III) a feeling of feet being “stuck”
to the floor during freezing; and (IV) starting hesitancy, or
a sudden inability to lift the feet when turning, during walks
through narrow passages or when reaching a destination.
Based on previous research, we considered nine potential
confounders including age, gender, RBD, disease duration,
cognitive impairment, depression, apathy, orthostatic
hypotension (OH), and disease severity. Among them,
gender, RBD, and OH were binary variables, while age,
disease duration, cognitive impairment, depression, apathy,
and disease severity were continuous variables. Some of the
assessment methods for the confounders are listed below:
(I) RBD was determined according to the proportion of
Rapid Eye Movement Sleep Behavior Disorder Screening
Questionnaire (RBDSQ) items >5 points in combination
with the patients’ chief complaints (21,22); (II) cognitive
impairment assessed with the Montreal Cognitive
Assessment (MoCA) (23); (III) depression was evaluated via
the Hamilton Depression Rating Scale (HAMD) (24); (IV)
apathy was measured via the Apathy Scale (AS) (25); (V)
OH was determined based on the patient’s complaints; and
(VI) disease severity was assessed by the Unified Parkinson’s
Disease Rating Scale III (UPDRS-III) (26).

MRI data acquisition

The imaging data were acquired on a 3-T Tesla MRI
scanner (MAGNETOM Skyra, Siemens Healthineers,
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Erlangen, Germany) with a 16-channel head coil. All
participants were given detailed instructions on precautions
and were instructed to remain quiet during the scan. In
addition, foam pads were used to reduce patient head
movement, and earplugs were used to reduce the noise from
the scanner.

NM-MRI was performed using two-dimensional (2D)
T1-weighted imaging combined with magnetization transfer-
weighted MRI. The relevant parameters were as follows:
time to repetition/time to echo (TR/TE), 887/15 ms;
echo train length, 2; section thickness, 2.5 mm with no
intersection gap; slice number, 16; matrix size, 448x291; field
of view, 220 mm; number of excitations, 7; and acquisition
time, 7 minutes and 34 seconds. The scout image was set
parallel to the anterior and posterior commissure of the
corpus callosum in the axial view, covering the posterior
commissure to the pons. The scanning range was from
the upper basal ganglia to the lower medulla oblongata. In
addition, routine cranial MRI scan sequences were obtained
to exclude pathological brain changes that might interfere
with imaging evaluation.

NM-MRI image processing
We used I'TK-SNAP software to make two artificial

image measurements (27). The intraclass correlation
coefficient for the interrater agreement was 0.827. The
LC is a roughly cylindrical, hyperpigmented nucleus in the
cephalic pons adjacent to the fourth ventricle and above the
pontomedullary junction (28). Representative NM-MRI
images of the LC are shown in Figure 1A4,1B. We defined
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Figure 2 Flow diagram of the two statistical models. RBD, rapid-eye-movement sleep behavior disorder; FoG, freezing of gait; CNR;,

CNR of the LC; CNR, contrast-to-noise ratio; LC, locus coeruleus; CIE, change-in-estimate.

LC circular regions of interest (ROIs) with the highest
signal intensity (SI) at three consecutive levels from the
inferior colliculus to the superior cerebellar peduncles while
manually avoiding noise from the fourth ventricle (14,27).
If the signal appeared ambiguous, ROIs were placed at the
intended anatomical location of the LC.

The mean and standard deviation (SD) of the SI of the
unilateral LC and medial pontine (PT) (as contrast area) in
the same level image were measured. The above-described
ROIs were outlined as indicated in Figure 1C. The same
ROIs were applied to all participants, with an ROI size
of 2 mm’ for the LC and 30 mm” for the PT. The size of
LC ROI was small due to its compact structure, consisting
of approximately 5.4 voxels. The ROI size of LC was
consistent with that of the majority of NM-MRI studies
applying 2D sequences (14,15,27). We used the CNR of
the LC (CNR, ) to describe the signal characteristics of the
LC. The equations for CNR . are as follows:

Sl = Spr
SDp;

where SI; . is the mean SI of the unilateral LC ROIs; and
SI, and SDyy are the mean SI and the SD of PT ROlIs,
respectively.

CNR,. = (1]
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Statistical analysis

All statistical analyses were calculated using SPSS 26.0
(IBM Corp, Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference. Demographic
and clinical data are described as the mean = standard
error (SE) or as the median and interquartile range (IQR)
based on the characteristics of the data distribution.
Correspondingly, two-sample #-tests, the Mann-Whitney
test or Kruskal-Wallis test, and the %’ test were used for
statistical analyses.

To clarify the relationship between FoG and LC
degeneration, the CNR,¢ in patients with PD was
considered to be the outcome variable, and the FoG
occurrence was considered to be the target factor. Finally,
two statistical models were used to screen and adjust for
covariates, as shown in Figure 2.

The multifactor stepwise linear regression model, model
1, included clinical data in with the statistical software
automatically retaining the independent variable with the
largest effect value.

For model 2, the confounders were screened using the
CIE method; that is, after the addition or subtraction of
variables, the independent variables that affected more than
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PD (n=46)
Characteristics HC (n=13) P value
PD FoG+ (n=22) PD FoG- (n=24) Total (n=46) P value

Left CNR¢ 2.84+0.21 3.54+0.15 3.20+0.14 0.009 4.12+0.27 0.003
Right CNR_¢ 1.93+0.19 2.39+0.18 2.17+0.13 0.089 2.80+0.29 0.035
Age (years) 70.59+1.95 63.79+1.76 67.04+1.39 0.013 64.77+3.00 0.460
Gender (M/F) 13/9 14/10 27/19 0.958 8/5 0.854
FoG-Q 14.00 (3.50) 2.00 (3.00) 4.00 (12.00) <0.001 - -
Disease duration 7.09+0.50 3.11+0.36 5.02+0.42 <0.001 - -
RBD (+/-) 15/7 11/13 26/20 0.127 - -
MoCA 19.86+0.81 22.67+0.84 21.33+0.62 0.021 - -
HAMD 20.00 (13.75) 12.50 (8.50) 16.00 (11.50) 0.002 - -
AS 21.77+1.89 15.17+2.12 18.33+1.50 0.026 - -
OH (+/-) 8/14 5/19 13/33 0.243 - -
UPDRS-III (off) 76.36+3.44 42.75+3.62 58.83+3.52 <0.001 - -

Data are presented as the mean + SE, number, or median (IQR). NM-MRI, neuromelanin-sensitive magnetic resonance imaging; PD,
Parkinson disease; FoG, freezing of gait; HC, healthy control; CNR,;, CNR of the LC; CNR, contrast-to-noise ratio; LC, locus coeruleus;
M, male; F, female; FoG-Q, Freezing of Gait Questionnaire; RBD, rapid-eye-movement sleep behavior disorder; MoCA, Montreal Cognitive
Assessment; HAMD, Hamilton Depression Rating Scale; AS, Apathy Scale; OH, orthostatic hypotension; UPDRS-III, Unified Parkinson’s

Disease Rating Scale Ill; SE, standard error; IQR, interquartile range.

10% of the B values of the target factor in the initial model
were retained (29). The multivariate linear regression model
was then used to adjust for confounders.

We sought to eliminate collinearity variables to construct
a stable data model, and the variance inflation factor (VIF)
and correlation coefficient of all independent variables
included in the model were calculated. The independent
variables with VIF >2 and the correlation coefficient of two
independent variables >0.7 were not included in the model
as confounders (30).

Results

Comparison of NM-MRI features and clinical
characteristics between the groups

We performed pairwise comparisons between the PD group
and the HC group and between the PD FoG+ group and
the PD FoG- group (Table 1). The results showed that
the CNR of the left (P=0.003) and right LC (P=0.035) in
patients with PD was significantly lower than that in HCs.
In the comparison with that in the PD FoG- group, the
CNR of the left LC was significantly decreased in the PD

© AME Publishing Company.

FoG+ group (P=0.009).

In terms of participants’ clinical data, the PD FoG+
group, compared with the PD FoG- group, was older
(P=0.013) and had a longer disease duration (P<0.001). In
addition, the PD FoG + group had more severe nonmotor
symptoms as indicated by significant differences in
the nonmotor symptom scale, including HAMD score
(P=0.002), AS score (P=0.026), UPDRS-III score (P<0.001),
and MoCA score (P=0.021). There were no significant
differences in the proportions of gender, RBD, or OH
between the groups (P>0.05). The detailed NM-MRI and

clinical characteristics of the groups are shown in Table 1.

Screening and adjustment of confounders

Since only the left CNR; was significantly different
between the PD FoG- and PD FoG+ groups, we used
the left CNR;( as the outcome variable and the presence
or absence of FoG as the target factor to examine their
relationships in the two statistical models.

The independent variables that demonstrated the largest
effect in model 1 were FoG, RBD, and gender. The CIE
variables after screening in model 2 were age, RBD, MoCA
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Table 2 B screened by the CIE method

Covariate Basic model  Complete model
+/- FoG FoG
The initial regression 0.169 0.111
coefficient of the covariate

Age (years) 0.1521 0.109
Gender 0.168 0.109
RBD 0.129" 0.129"
MoCA 0.141" 0.118
HAMD 0.193" 0.104
AS 0.163 0.108
OH 0.155 0.111
Disease duration 0.181 0.100
UPDRS-III (off) 0.106" 0.132"

', indicates more than 10% change from the initial regression
coefficient. CIE, change-in-estimate; FoG, freezing of gait; RBD,
rapid-eye-movement sleep behavior disorder; MoCA, Montreal
Cognitive Assessment; HAMD, Hamilton Depression Rating
Scale; AS, Apathy Scale; OH, orthostatic hypotension; UPDRS-
Ill, Unified Parkinson’s Disease Rating Scale lII.

score, HAMD score, and UPDRS-III score (see Table 2).
The UPDRS-III score was excluded from model 2 since
it was collinear with FoG (the score had a VIF value of
2.392 and a correlation coefficient of -0.711, which met the
definition of a collinear variable).

After adjustments were made for the abovementioned
covariates, the two statistical models showed that FOG was
an independent influencing factor for the outcome variable
[model 1: $=0.127, 95% confidence interval (CI): 0.019-
0.236, P=0.023; model 2: B=0.153, 95% CI: 0.019-0.287,
P=0.026]. The other factors that could also independently
associated with the outcome variable were RBD (model 1:
$=0.182, 95% CI: 0.073-0.291, P=0.002; model 2: p=0.171,
95% CI: 0.048-0.294, P=0.008) and gender (model 1:
B=0.150, 95% CI: 0.042-0.257, P=0.007). However, RBD
demonstrated the greatest influence, followed by gender
and FOG. The model results are shown in Table 3.

Discussion

In this study, after confounders were controlled for, it
was found that the left CNR¢ in the FoG+ group was
considerably lower than that in FoG- group, indicating that
FoG in patients with PD is related to LC noradrenergic

© AME Publishing Company.
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Table 3 Multiple linear regression analysis of the factors influencing
the left CNR,

Variables B 95% ClI P
Model 1
FoG 0.127 0.019, 0.236 0.023
RBD 0.182 0.073, 0.291 0.002
Gender 0.150 0.042, 0.257 0.007
Model 2
FoG 0.153 0.019, 0.287 0.026
Age (years) 0.002 -0.006, 0.009 0.684
RBD 0.171 0.048, 0.294 0.008
MoCA 0.011 -0.006, 0.029 0.204
HAMD 0.005 -0.002, 0.012 0.148

Model 1, stepwise linear regression model. Model 2: linear
regression model after screening for confounders via CIE
method. CNR,;, CNR of the LC; CNR, contrast-to-noise ratio;
LC, locus coeruleus; Cl, confidence interval; FoG, freezing of
gait; RBD, rapid-eye-movement sleep behavior disorder; MoCA,
Montreal Cognitive Assessment; HAMD, Hamilton Depression
Rating Scale; CIE, change-in-estimate.

dysfunction. There may be several explanations for this
relationship. First, the terminals of the noradrenergic
neurons in the LC regulate the functional activities of
dopaminergic neurons in multiple cortex regions (31,32).
In line with this, FoG does not respond well to dopamine
therapy, and animal models of PD suggest that LC NE
deficiency might reduce the efficacy of levodopa therapy
(33,34). Second, FoG is regarded as a disorder of advanced
cortical activity (3,35) probably due to the decrease in LC
noradrenergic neurons leading to a decrease in projections
to the prefrontal cortex (36,37).

Our study revealed a statistically significant difference
between the CNR of the left and right LC, with a notably
higher CNR observed in the left LC. However, a previous
postmortem study did not indicate there to be asymmetric
distributions of NM in LC (38). Several NM-MRI studies
have demonstrated a lateralized signal difference in the LC,
and two potential explanations for this phenomenon may
be considered. First, this lateralized signal difference in the
LC is likely related to the heterogeneous signal distribution
stemming from the high field strength and multichannel
coils from different types of MRI scanners (39,40). For
example, a higher contrast in the right LC was reported
with Philips scanners, while a higher contrast in the left
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LC was reported with the Siemens scanners (15,41), and
similar results were obtained in our study using the Siemens
scanner. Second, the signal on one side is often higher than
that on the opposite side (the left side predominated in this
study possibly due to the majority of participants being
right-handed), and the LC also maintains synchronization
of asymmetries throughout disease progression (42).

To investigate whether the FoG in patients with
PD is an independent factor affecting the left CNR,
we comprehensively considered age, gender, cognitive
impairment, depression, apathy, and OH symptoms in
patients with PD, all of which have been reported to affect the
signal characteristics of the LC (14-16,43-45). We examined
disease duration and UPDRS-III score, which reflect disease
severity and are also important factors associated with FoG in
PD (46,47). They were all included in the regression model
as potential confounders in this study. In model 2, UPDRS-
III score was excluded as a collinearity variable. Its exclusion
did not affect the reliability of the results since many studies
have reported there to be no correlation between UPDRS-
IIT score and LC degeneration (48,49).

In addition, a reduction in LC signal was observed to be
more pronounced in PD patients with RBD than in those
without RBD, and the LC signal in male patients was lower
than that in female patients. We concluded that RBD and
gender are also independent factors associated with the
CNR values of the left LC. Consistent with the majority
of related studies, RBD was accompanied by a significant
reduction in the LC signal, owing to the extensive
connection between the LC and brain and spinal cord in
regulating arousal and autonomic function (50-53). As for
the observed lower signal of the LC in males compared
with that in females in patients with PD, we speculate this
to be a result of the estrogen in females increasing the NM
concentration in the LC target regions by promoting NE
synthesis and reducing degradation (44).

In addition to the small sample size, our study involved
two major limitations. First, The LC structure was not
partitioned using manual segmentation. However, The
LC structure has rostral, middle, and caudal functional
subregions that project along distinct pathways to specific
brain regions, thus exerting unique functions (9). Automated
LC segmentation combined with the three-dimensional
sequence-based template space may perform similarly to
manual segmentation but involved a reduced workload, less
subjectivity, and the ability to segment the LC along its full
rostrocaudal extent (54,55). Second, one study has suggested
that NE prodrugs are mostly effective in FoG in levodopa-

© AME Publishing Company.

resistant individuals (6). However, the FoG group was not
divided into levodopa-resistant and nonresistant groups due
to the small number of levodopa-resistant individuals in our
study. In the future, we may garner further insights if we
use automated segmentation to examine the regional and
functional structure of the LC based on levodopa-resistant
individuals.

In conclusion, NM-MRI provides a powerful tool
for understanding the pathogenesis of FoG. Our study
showed that the LC signal in the PD FoG+ group was
lower than that in the PD FoG- group after confounders
were controlled for, indicating that the FoG is related to
LC noradrenergic dysfunction. In the future, NM-MRI
may potentially become a novel biomarker for identifying
individuals with FoG who respond well to NE prodrugs.
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