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Abstract 

Objectives  Freezing of Gait (FOG) is one of the disabling symptoms in patients with Parkinson’s Disease (PD). While 
it is difficult to early detect because of the sporadic occurrence of initial freezing events. Whether the characteristic 
of gait impairments in PD patients with FOG during the ‘interictal’ period is different from that in non-FOG patients 
is still unclear.

Methods  The gait parameters were measured by wearable inertial sensors. Exploratory factor analysis was used 
to investigate the inherent structure of diverse univariate gait parameters, with the aim of identifying shared charac-
teristics among the gait variables.

Results  This cross-sectional study involved 68 controls and 245 PD patients (167 without FOG and 78 with FOG). The 
analysis yielded six distinct gait domains which were utilized to describe the impaired gait observed during the “inter-
ictal” period of FOG. Both PD-nFOG and PD-FOG groups exhibited significant impairments in the pace domain, 
kinematic domain, gait phase domain, and turning process domain compared to the healthy control. The gait phase 
domain was different in the PD-FOG group compared to the PD-nFOG group (p corrected = 0.004, Cohen’s d = -0.46). 
And it was identified as independent risk factor for FOG (OR = 1.64, 95% CI = 1.05–2.55, p = 0.030), as well as other risk 
factors: gender (OR = 2.67, 95% CI = 1.19–5.99, p = 0.017), MDS-UPDRS IV score (OR = 1.23, 95% CI = 1.10–1.37, p < 0.001), 
and PIGD subscore (OR = 1.50, 95% CI = 1.30–1.73, p < 0.001). The model demonstrated a correct discrimination rate 
of 0.78 between PD-FOG and PD-nFOG, with an area under the receiver operating characteristic curve (AUC) of 0.87.

Conclusions  FOG was found to be associated with abnormal alterations in the gait phase domain during the interic-
tal period. Models constructed using gait phase domain, PIGD subscore, gender, and severity of motor complications 
can better differentiate freezers from no-freezers during ‘interictal’ period.

Keywords  Parkinson’s disease, Freezing of gait, Wearable inertial sensor, Exploratory factor analysis, Gait domain

Introduction
Walking safely and comfortably is critical to patients with 
Parkinson’s disease (PD). As we know, freezing of gait 
(FOG) is one of the main risk factors for falls in PD [1]. 
The tendency of the trunk to move forward while the feet 
are relatively “frozen” in place during walking can eas-
ily lead to balance dysfunction and falls, which reduce 
the ability to move independently and impair the quality 
of life of PD patients. PD-FOG patients present a brief, 
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involuntary, and unexpected disruption of gait that per-
sists for several seconds or longer. It is not evident to 
observe the onset of FOG in outpatient visits due to its 
“episodic” nature [2]. During the outpatient visit, the 
gait performance of Parkinsonians with FOG may be 
improved by increased attention and alertness, especially 
in patients with mild or less frequent FOG episodes, 
which are difficult to elicit in the clinic [2–4]. Conse-
quently, it is crucial to detect even subtle changes in gait 
characteristics in PD patients who experience FOG, even 
when an episode is not directly observed by clinicians.

With the development of technology-based gait anal-
ysis in PD, subtle changes in gait characteristics can be 
captured using wearable sensors [5–7], and these quan-
tified gait parameters can provide more information on 
how PD gait converts to FOG gait. Several studies showed 
the gait characteristics during FOG episodes. There is a 
decrease in gait frequency, variability of gait speed, stride 
length, and mean lateral displacement amplitude during 
FOG [8]. A typical FOG event occurs with a progres-
sive decrease in step length and eventually a freeze, also 
known as the sequence effect [9]. The sequence effect 
prior to a FOG episode is a direct description of how gait 
impairment develops prior to a FOG episode [10, 11].

Our hypothesis is that gait impairments in PD-FOG 
patients may be preserved in some form and to some 
extent during the “interictal” period. The term "interic-
tal" period in the context of FOG refers to the intervals 
between episodic FOG events, during which patients do 
not experience an acute FOG event but may still exhibit 
gait impairments that contribute to the susceptibility to 
FOG. These “interictal” gait changes in gait characteris-
tics may predict that these patients are prone to develop 
FOG events and even further exacerbation of these gait 
impairments may lead to the onset of FOG events. One 
study has shown that some gait abnormalities, includ-
ing reduced gait rhythmicity, decreased asymmetry and 
bilateral dyscoordination were found during the “interic-
tal” period in PD [12]. We propose that these hidden gait 
abnormalities during the “interictal” period may serve as 
risk factors for developing FOG. This view is supported 
by a review, which underscores the idea of gait abnor-
malities occurring between freezing episodes, potentially 
signifying early signs of freezing [12].

To test our hypothesis, we analyzed the gait param-
eters of PD patients with FOG during their “interictal” 
period using wearable inertial measurement sensors. 
We extracted several gait domains to better describe 
gait impairment by grouping numerous univariate gait 
parameters with the exploratory factor analysis (EFA). 
Our objective is: (1) to find the distinct abnormal gait 
domains in FOG patients from non-FOG patients during 
interictal period; (2) to analyze the relevant influencing 

factors of FOG by integrating clinical information and 
abnormal gait domain characteristics.

Material and methods
Participants
Two hundred forty-five patients with idiopathic PD who 
visited the Department of Neurology, Xinhua Hospi-
tal Affiliated to Shanghai Jiao Tong University, School 
of Medicine were enrolled in this study from November 
2019 to December 2021. The inclusion criteria for the PD 
group were: (1) the diagnosis of PD was based on Interna-
tional Movement Disorders Society (MDS) PD diagnostic 
criteria 2015 [13]; (2) Hoehn and Yahr (H-Y) stages ≤ 3; 
(3) walking independently for at least 10 m without any 
assistive device; (4) Mini-Mental State Examination 
(MMSE) > 24 points. The exclusion criteria were: (1) were 
diagnosed with parkinsonism-plus syndromes or other 
diseases that may affect gait performance (e.g., stroke, 
trauma, orthopedic disease, abnormal vision and serious 
cardio-pulmonary diseases); (2) Severe psychiatric symp-
toms, dementia, and inability to cooperate with the com-
pletion of the examination.

The age-matched healthy controls (HC group) were 
partners of patients with PD or volunteers of the nearby 
community during the same period. They were excluded 
if they reported previous neurological, orthopedic, 
abnormal vision or musculoskeletal disorders that could 
impact gait.

Clinical assessments
A detailed medical history (including age, sex, height, 
weight, education, time of disease onset, first symptoms, 
antiparkinsonian drugs, etc.) was collected. The time 
of disease onset was defined as the onset of subjective 
perceived motor symptoms of PD. The motor assess-
ment scales included the MDS-Unified Parkinson’s Dis-
ease Rating Scale (MDS-UPDRS) and the H-Y stage. The 
motor subscores were calculated as the bradykinesia 
subscore (sum of items 3.4–3.8 and 3.14), rigidity sub-
score (sum of item 3.3), tremor subscore (sum of items 
3.15–3.18), and postural instability and gait difficulty 
(PIGD) subscore (sum of items 3.9–3.13) based on the 
MDS-UPDRS part III. Information on pharmacologi-
cal treatment was collected and calculated in total daily 
levodopa equivalent dose (LED) [14]. The New Freezing 
of Gait Questionnaire (NFOG-Q) was used to determine 
the presence and severity of the freezing of gait. The Mini 
Balance Evaluation Systems Test (mini-BESTest) was 
used to evaluate the balance function. The cognitive and 
emotional assessment scales included the MMSE, the 
Montreal Cognitive Assessment (MoCA), the Hamilton 
Anxiety Scale (HAMA), the Hamilton Depression Scale 
(HAMD), and the Frontal Assessment Battery (FAB). The 
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8-item Parkinson’s Disease Questionnaire (PDQ-8) was 
used to assess the quality of life. According to the scores 
from the Part I of the NFOG-Q, PD patients were divided 
into two groups: a PD-FOG group with a score = 1, and a 
PD-nFOG group with a score = 0. All assessments were 
performed during the "ON" period.

The study was a cross-sectional study, approved by the 
Research Ethics Committee of Xinhua Hospital Affili-
ated to Shanghai Jiao Tong University School of Medi-
cine (XHEC-C-2015–019-2), and all subjects were fully 
informed of the purpose and content of the study and 
provided written informed consent.

Kinematic analysis of gait
Gait testing was performed by the MATRIX (a Wearable 
Movement and Gait Quantitative Assessment System). 
The MATRIX (GYENNO Science, Shenzhen, China) 
were applied to collect kinematic parameters [7, 15]. The 
sampling frequency of the MATRIX is set at 100 Hz, and 
the accelerometer has a range of ± 8  g with a resolution 
of 0.00024 g, while the gyroscope has a range of ± 2000°/s 
and a resolution of 0.0305°/s. Participants wore ten iner-
tial sensors fixed to the lower back (L5), anterior chest 
(sternum), bilateral thighs, ankles, feet, and wrists by 
elastic bands (Supplementary Fig.  1). After the sen-
sors were placed correctly, the participants were asked 
to perform the Timed Up and Go Test (TUG): (1) stand 
up from the chair; (2) walk straight for a 5-m distance at 
their regular pace; (3) turn and walk back to the starting 
point; and (4) sit down. Prior to commencing the test, the 
subjects were initially instructed on the process by the 
researcher and subsequently allowed to practice it once. 
Subjects in the PD group completed the test during their 
"ON" period.

Wearable sensor signals are transmitted via Bluetooth 
to the computer for 3D motion posture reconstruc-
tion to assess gait, arm swing, whole-body coordination, 
and other indicators. If the investigator observed or the 
device automatically identified a FOG episode during 
walking, the patient was excluded from the final analy-
sis. All parameters which we can obtain were calculated 
automatically during the motor test using built-in algo-
rithms (Appendix 1).

Statistical analysis
The Shapiro–Wilk test combined with Q-Q plots was 
used to determine the distribution of continuous vari-
ables. Normally distributed measures were expressed 
using the mean ± standard deviation (SD), and non-
normally distributed measures were expressed using 
the median (quartiles). The independent t-test/Mann–
Whitney U test was used for comparison of meas-
ures between independent groups, and X2 test/Fisher 

exact probability method was used for comparison of 
numerical data. Differences in baseline clinical char-
acteristics and gait parameters among controls, PD-
nFOG patients, and PD-FOG patients were assessed 
using analysis of covariance (ANCOVA) and Bonfer-
roni post hoc tests, and homogeneity of variance was 
determined by plotting scatter plots and perform-
ing Levene’s tests. Forward stepwise binomial logistic 
regression was used to analyze factors associated with 
FOG, and the degree of influence was evaluated using 
the odds ratio (OR) and 95% confidence interval (CI). 
The Box-Tidwell method is used to test whether there is 
a linear relationship between the logit transformed val-
ues of the continuous independent and dependent vari-
ables. Tolerance and variance inflation factor (VIF) was 
calculated to diagnose the presence of multicollinearity 
between the independent variables.

Exploratory factor analysis (EFA) was used to explore 
the intrinsic structure of the 22 gait variables and to iden-
tify the common features behind the gait variables to 
categorize and extract several major gait domains that 
represent different gait characteristics [16, 17]. Each gait 
variable was first transformed separately by normaliza-
tion. Each value was subtracted from the mean value of 
the parameter in the whole sample (including the PD 
and HC groups), respectively, and the difference was 
divided by the standard deviation of the whole sample. 
The Kaiser–Meyer–Olkin (KMO) sampling fitness test 
and Bartlett’s sphericity test were used to clarify whether 
the 22 variables were suitable for factor analysis among 
themselves. Horn’s parallel analysis [18] was then used 
to determine the appropriate number of factors, namely, 
the number of gait domains. The maximum likelihood 
method was used for factor extraction. Further, the 
oblimin oblique rotation method was used to improve 
the interpretability of their loadings to avoid possible 
correlations between potential factors. Variables with 
loadings up to 0.5 were considered significant. After EFA 
analysis, the Thurstone method [19] was used to summa-
rize each parameter’s standard score coefficients based 
on EFA’s results and calculate the factor scores for each 
gait domain separately. The obtained factor scores were 
converted to a Z-score with HC as the reference value 
[e.g., factor 1 Z-score = (factor 1—mean of factor 1 in 
HC group)/standard deviation of factor 1 in HC group] 
to draw radar plots for comparing the different levels of 
impairment in the gait domain between the PD-nFOG 
group and PD-FOG group relative to the subjects in the 
HC group.

Statistical analyses were performed with R (version 
number: 4.1.2) (R Foundation for Statistical Computing, 
Vienna, Austria). The threshold for statistically signifi-
cant differences was set at a two-tailed p < 0.05.
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Results
The differences in clinical characteristics among the HC 
group, PD‑nFOG group and PD‑FOG group
A total of 245 patients with PD were enrolled (124 
males and 121 females) in our study. The mean age was 
67.07 ± 7.80  years, height was 164.92 ± 7.80  cm, the 
mean disease duration was 5.45 ± 4.52  years, the H-Y 
stage was 2.13 ± 0.75, and the MDS-UPDRS III score 
was 25.55 ± 14.26. Sixty-eight healthy controls (27 males 
and 41 females) were enrolled in the HC group with 
a mean age of 66.44 ± 8.76  years and a mean height of 
163.22 ± 8.19 cm.

According to the scale of the NFOG, the patients with 
PD were classified into the PD-FOG group and PD-
nFOG group (Table  1). Seventy-eight (31.84%) of the 
245 PD patients had FOG, of which 55 were levodopa 
responsive, and 19 were levodopa unresponsive. No dif-
ference in gender, age, height, and education was found 
among the HC group, PD-nFOG group, and PD-FOG 
group (p > 0.05). Compared with PD-nFOG patients, PD-
FOG patients had a longer disease duration (7.65 ± 4.95 
vs. 4.43 ± 3.91, t = −5.07, p < 0.001), a higher H-Y stage 
(2.51 ± 0.64 vs. 1.95 ± 0.73, t = −5.84, p < 0.001), and 
higher doses of LED (632.29 ± 352.10 vs. 398.82 ± 333.90, 

Table 1  Clinical characteristics of control, PD-nFOG group and PD-FOG group

MDS-UPDRS MDS-Unified Parkinson’s Disease Rating Scale, H-Y stage Hoehn & Yahr stage, LED levodopa equivalent dose, PIGD postural instability and gait difficulty, 
NFOG-Q New Freezing of Gait Questionnaire, mini-BESTest Mini Balance Evaluation Systems Test, MMSE Mini-Mental State Examination, MoCA Montreal Cognitive 
Assessment, HAMA Hamilton Anxiety Scale, HAMD Hamilton Depression Scale, FAB Frontal Assessment Battery, PDQ-8 8-item Parkinson’s Disease Questionnaire

HC PD-nFOG PD-FOG t/U/χ2/F p-value

No 68 167 78

Gender (male/female) 27/41 78/89 46/32 5.74 0.057

Age (years) 66.44 ± 8.76 66.90 ± 8.27 67.42 ± 6.72 0.30 0.738

Height (cm) 163.22 ± 8.19 165.70 ± 7.84 163.15 ± 7.54 1.39 0.240

Education

  Illiteracy or primary school graduates 11 32 6 7.60 0.668

  Middle school graduates 46 110 55

  High school graduates or above 11 23 14

Disease duration (years) / 4.43 ± 3.91 7.65 ± 4.95 −5.07  < 0.001
H-Y stage / 1.95 ± 0.73 2.51 ± 0.64 −5.84  < 0.001
LED (mg/d) / 398.82 ± 333.90 632.29 ± 352.10 −4.96  < 0.001
MDS-UPDRS I / 9.13 ± 5.23 10.97 ± 5.55 −2.30 0.022
MDS-UPDRS II / 9.98 ± 6.23 16.89 ± 7.75 −6.87  < 0.001
MDS-UPDRS III / 22.86 ± 13.43 31.31 ± 29.50 −4.48  < 0.001
MDS-UPDRS IV / 0 (0, 2) 4 (0, 7.5) 2838.50  < 0.001
Moto symptom /

  Bradykinesia subscore / 11.42 ± 7.02 16.17 ± 7.37 −4.83  < 0.001
  Rigidity subscore / 2.64 ± 3.10 3.52 ± 3.91 −1.73 0.087

  Tremor subscore / 3.77 ± 3.85 3.34 ± 4.08 0.79 0.430

  PIGD subscore / 3.41 ± 2.42 6.23 ± 3.25 −6.79  < 0.001
  NFOG-Q / / 18.31 ± 6.81

  Mini-BESTest / 22.95 ± 4.88 17.96 ± 5.10 4.39  < 0.001
Levodopa response of FOG /

  Levodopa responsive / / 55

  Levodopa unresponsive / / 19

  Other / / 4

Non-motor symptom

  MMSE / 28 (27, 30) 28 (26, 29) 5209.50 0.097

  MoCA / 25 (21, 27) 24 (19, 26) 4218.50 0.193

  HAMA / 7.62 ± 5.43 9.18 ± 6.17 −1.97 0.050

  HAMD / 8.10 ± 6.85 10.45 ± 6.88 −2.30 0.023
  FAB / 16 (15, 18) 15 (13, 17) 1383.50  < 0.001
PDQ-8 / 0.56 ± 0.91 1.70 ± 1.45 −5.11  < 0.001
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t = −4.96, p < 0.001). The scores of MDS-UPDRS were 
significantly higher in the PD-FOG group than those 
in the PD-nFOG group with part I (10.97 ± 5.55 vs. 
9.13 ± 5.23, t = −2.30, p = 0.022), part II (16.89 ± 7.75 vs. 
9.98 ± 6.23, t = −6.87, p < 0.001), part III (31.31 ± 29.50 
vs. 22.86 ± 13.43, t = −4.48, p < 0.001) and part IV 
(Mann–Whitney U = 2838.50, p < 0.001). Moreover, 
compared to the PD-nFOG group, the PD-FOG group 
obtained higher bradykinesia subscore (16.17 ± 7.37 vs. 
11.42 ± 7.02, t = −4.83, p < 0.001) and PIGD subscore 
(6.23 ± 3.25 vs. 3.41 ± 2.42, t = −6.79, p < 0.001). At the 
same time, there was no difference in rigidity subscore 
and tremor subscore between these two groups (p > 0.05). 
The PD-FOG group performed worse balance based on 
the mini-BESTest (t = 4.39, p < 0.001), and in terms of 
non-motor symptoms of PD, the PD-FOG group pre-
sented a more elevated HAMD score (10.45 ± 6.88 vs. 
8.10 ± 6.85, t = −2.30, p = 0.023) and lower FAB score 
(Mann–Whitney U = 1383.50, p < 0.001) than those in 
PD-nFOG group. No difference in MMSE and HAMA 
scores was found between the two groups (p > 0.05). PD 
patients with FOG had significantly lower quality of life 
(1.70 ± 1.45 vs. 0.56 ± 0.91, t = −5.11, p < 0.001).

Differences in gait parameters among the HC group, 
PD‑nFOG group and PD‑FOG group
Table 2 showed the gait parameters during walking, turn-
ing, and sit-stand shift tasks among the HC group, PD-
nFOG group, and PD-FOG group.

During the sit-to-stand task, there were statistical dif-
ferences in mean duration, trunk sagittal peak veloc-
ity, and trunk sagittal ROM among these three groups 
(F = 8.15, p < 0.001; F = 26.49, p < 0.001; F = 7.73, p < 0.001, 
respectively), after adjusting for age, gender, and height. 
The HC group had a shorter mean duration, faster trunk 
sagittal peak velocity, and larger trunk sagittal RoM than 
PD-FOG or PD-nFOG patients. At the same time, there 
was no difference between PD-FOG and PD-nFOG 
group after post hoc tests with Bonferroni correction. 
There were similar differences in these three parame-
ters above during the stand-to-sit task among the three 
groups.

During the walking process, there were significant dif-
ferences in step length (F = 17.42, p < 0.001), stride veloc-
ity (F = 10.38, p < 0.001), and stride length (F = 17.41, 
p < 0.001) among these three groups. However, no differ-
ence was found in step frequency (F = 1.42, p = 0.243) and 
gait cycle (F = 1.20, p = 0.302).

The differences between the PD-FOG and PD-nFOG 
groups were mainly reflected in the decrease in the pro-
portion of the double support phase (p corrected = 0.007, 
Cohen’s d = 0.43) and the increase in the proportion of 
the swing phase (p corrected = 0.010, Cohen’s d = −0.42) 

during walking. Regarding gait variability parameters: 
step length CV was significantly greater in the PD-FOG 
group compared to the HC group (p corrected = 0.005, 
Cohen’s d = −0.53), and there were no statistical dif-
ferences in swing phase CV, double support phase CV, 
cadence CV, and stride velocity CV among the three 
groups (p > 0.05). Regarding kinematic gait parameters: 
shank RoM (F = 23.97, p < 0.001) and peak shank angular 
velocity (F = 14.21, p < 0.001) were significantly reduced 
in both PD-nFOG and PD-FOG groups compared to 
the HC group. Trunk coronal peak velocity (F = 5.36, 
p = 0.005), trunk coronal RoM (F = 23.08, p < 0.001), trunk 
sagittal peak velocity (F = 4.76, p = 0.009), trunk sagittal 
RoM (F = 6.79, p = 0.001), trunk transverse peak veloc-
ity (F = 9.25, p < 0.001), trunk transverse RoM (F = 8.84, 
p < 0.001) and arm RoM (F = 14.93, p < 0.001) were 
reduced both in the PD-nFOG and PD-FOG groups 
when compared to the HC group. The arm peak veloc-
ity (F = 5.31, p = 0.005) was decreased in the PD-nFOG 
group compared to the HC group, while there was no dif-
ference between the PD-FOG group and the HC group. 
Regarding the parameters of gait asymmetry: the swing 
asymmetry (F = 5.08, p = 0.007) and shank RoM asym-
metry (F = 4.37, p = 0.013) increased in the PD-nFOG 
group compared to the HC group, while the PD-FOG 
group did not differ from the HC group. The arm symme-
try index increased both in the PD-nFOG and PD-FOG 
groups compared to the HC group (F = 5.73, p = 0.004). 
There were no statistical differences in the stride length 
asymmetry (F = 2.98, p = 0.052), shank symmetry index 
(F = 0.84, p = 0.433), and phase coordination index 
(F = 1.52, p = 0.220) among the three groups.

During turning, the mean duration of turning was 
longer both in the PD-FOG and PD-nFOG groups com-
pared to the HC group (F = 7.85, p < 0.001). The mean 
number of steps in the turning process increased in the 
PD-FOG group compared to the PD-nFOG and HC 
groups (F = 8.79, p < 0.001). The peak angular velocity of 
the turning process decreased both in the PD-FOG and 
PD-nFOG groups compared to the HC group (F = 41.93, 
p < 0.001).

Obtain the gait domains and factor scores
The EFA approach was used to extract the gait domains 
and to reduce the dimensionality of gait parameters. We 
first performed KMO sampling fitness tests on 22 rep-
resentative gait variables, and the results are shown in 
Appendix 2. The total KMO was 0.78, and each variable 
individually had KMO > 0.5. Bartlett’s test of sphericity 
X2 = 8552.20, p < 0.001, indicating that the correlation 
between the variables was appropriate and suitable for 
further factor analysis.
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The results of the parallel analysis method suggest 
that six factors/domains are the optimal number of fac-
tors to explain the data distribution. These six factors 
explained a total of 74.23% of the variance in the data 
set, with 16.83% of the variance explained by factor 1, 
14.77% by factor 2, 11.52% by factor 3, 12.76% by factor 
4, 9.37% by factor 5, and 8.98% by factor 6. Based on the 
loadings of the gait variables in each factor, we grouped 
them into six gait domains: the pace factor (including 
stride length, step length, stride velocity, shank RoM, and 
stride velocity CV), the kinematic factor (including trunk 
transverse RoM, trunk coronal RoM, trunk sagittal RoM, 
trunk transverse peak velocity, trunk sagittal peak veloc-
ity, and trunk coronal peak velocity), gait phase factor 
(including double support phase, swing phase and dou-
ble support phase CV), turning process factor (including 
turning process average duration, turning process aver-
age steps, turning process average angular velocity and 
turning process peak velocity), rhythm factor (including 
gait cycle and cadence) and asymmetry factor (includ-
ing swing phase CV and swing asymmetry) (Table 3). We 
further summarize the standard score coefficients of each 
parameter based on the results of EFA and use the Thurs-
tone method to calculate the factor scores of each gait 
domain separately.

Differences in gait domains impairment in the PD‑nFOG 
group and PD‑FOG group in comparison to HC group
Each group’s gait domain factor scores were separately 
transformed to a Z-score with HC as the reference 
value. The mean value of each variable in the HC group 
was 0, and the standard deviation was 1 after the trans-
formation. Radar plots were used to indicate the degree 
of impairment and the direction of change in the gait 
domain in the PD-nFOG and PD-FOG groups relative to 
the HC group (Fig.  1). The results showed that the fac-
tor scores of pace and kinematic domain were reduced 
in both two groups compared to the HC group. The gait 
phase domain factor score was significantly higher in 
the PD-FOG group compared to the PD-nFOG group 
(p corrected = 0.004, Cohen’s d = −0.46). The turning 
process domain factor score was greater in both the PD-
nFOG and PD-FOG groups compared to the HC group 
by approximately two standard deviations (F = 16.72, 
p < 0.001). The differences in asymmetry and rhythm fac-
tors were not statistically significant among the three 
groups (p > 0.05).

The related factors of FOG through the combination 
of clinical and gait domain characteristics
We constructed a binomial logistic regression model 
with the presence or absence of FOG as the dependent 
variable, and independent variables with p-values < 0.1 

were included in the model based on the results of the 
univariate analysis. After eliminating the independent 
variables with excessive covariance, the final independent 
variables included in the multinomial model were: gen-
der, height, disease duration, H-Y stage, MDS-UPDRS 
II score, MDS-UPDRS IV score, bradykinesia subscore, 
rigidity subscore, PIGD subscore, HAMD score, MMSE 
score, gait phase domain factor score, and LEDD. The 
results showed that gender (OR = 2.67, 95% CI = 1.19–
5.99, p = 0.017), MDS-UPDRS IV score (OR = 1.23, 95% 
CI = 1.10–1.37, p < 0.001), gait phase domain (OR = 1.64, 
95% CI = 1.05–2.55, p = 0.030) and PIGD subscore 
(OR = 1.50, 95% CI = 1.30–1.73, p < 0.001) were inde-
pendent risk factors for FOG after forward stepwise 
(likelihood ratio) selection (Table 4). The Hosmer–Leme-
show test showed a good model fit (X2 = 1.09, degrees of 
freedom = 8, p = 0.998). The model had a sensitivity of 
0.78 and a specificity of 0.77 for differentiating FOG and 
PD patients at a cut-off value of 0.28, with an accuracy of 
0.78 and an area under the receiver operating character-
istic curve (AUC) was 0.87 (Fig. 2).

Discussion
In this study, we found that some characteristics of gait 
impairments in PD patients with FOG were different 
from those of non-FOG patients when FOG episode was 
not present. Common gait characteristics contained in 
twenty-two gait variables were identified, and six gait 
domains were categorized and extracted to represent a 
synthetic description of gait. Among these gait domains, 
the impairment of the gait phase domain was the criti-
cal abnormality in identifying potential PD-FOG from 
PD-nFOG patients during an interictal period of freez-
ing. Combined with the clinical information, males, with 
higher MDS-UPDRS IV score, higher PIGD subscore, 
and higher gait phase domain factor score were inde-
pendent risk factors for FOG.

We used wearable sensors for gait detection, which 
has the advantages of being portable and less restricted 
by the testing environment compared to a 3D optical 
motion analysis system [7, 20, 21]. Some studies previ-
ously focused on the changes in gait parameters during 
FOG episodes [8]. The decrease in gait frequency during 
FOG episodes can be explained by the tendency of the 
trunk to walk continuously forward. Still, the inability of 
the feet to produce an effective stride length makes the 
walking movement collapse and reduces the number of 
steps. FOG may result from dysfunctional stride control. 
In addition, FOG events are often preceded by postural 
instability when FOG patients compensate by increas-
ing the duration of the double support phase [22]. It has 
also been found that an anterior tilt of the pelvis occurs 
prior to the onset of a FOG event, suggesting an impaired 
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Table 3  Factor loading of gait parameters on three factors rotated and extracted by exploratory factor analysis

Fig. 1  Radar plot illustrating the z-scores of PD-nFOG, PD-FOG, and HC for the six factors of the gait domains
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anticipatory postural adjustment, leading to an increased 
risk of falling forward [23, 24]. However, few studies have 
examined the gait characteristics of FOG patients during 
the “interictal” period.

Our results found that patients with FOG had 
a reduced double-support phase time, a relatively 
increased swing phase during the interictal period com-
pared to PD patients without FOG, and a significant 
increase in the number of steps during turning. Some 
hypotheses on the pathophysiological mechanisms of 
FOG point to an impairment in the coordination of the 
gait cycle in FOG patients, as evidenced by increased 
step frequency variability, gait asymmetry, and dou-
ble support phase [25, 26]. The double-support phase 
represents the period of the gait cycle when both feet 
are in contact with the ground at the same time, during 
which the body has better control over the movement 
of the center of gravity. An increase in the percentage 

of the double support phase suggests impaired dynamic 
balance and postural control [27]. It has been suggested 
that the percentage of the double support phase sig-
nificantly increased during FOG events, reflecting that 
patients are in the double support phase to correct the 
interference of FOG on balance postural control [22]. 
The percentage of the double support phase is also 
related to the walking speed, which may increase as 
the walking speed decreases [27]. However, in the pre-
sent study, the double support phase percentage was 
reduced, and the swing phase was relatively increased 
during the interictal period in PD-FOG patients, and 
there was no significant difference between the two 
groups regarding gait speed. Another possibility is that 
during the "interictal period," by shortening the double 
support phase and increasing the swing time, patients 
may attempt to speed up the transition between steps, 
thereby reducing the risk of freezing episodes. This 

Table 4  The related factors of FOG through Logistic regression

MDS-UPDRS MDS-Unified Parkinson’s Disease Rating Scale, PIGD postural instability and gait difficulty, OR odds ratio. Estimate represents the log odds of PD-FOG vs. 
PD-nFOG

95% Confidence 
Interval

Predictor Estimate SE Z p-value OR Lower Upper

Intercept −4.20 0.59 −7.08  < 0.001 0.02 0.00 0.05

MDS-UPDRS IV 0.21 0.06 3.65  < 0.001 1.23 1.10 1.37

PIGD subscore 0.41 0.07 5.67  < 0.001 1.50 1.30 1.73

Gait phase factor 0.49 0.23 2.18 0.030 1.64 1.05 2.55

Gender:

   Male–Female 0.98 0.41 2.39 0.017 2.67 1.19 5.99

Fig. 2  ROC analysis and cut-off plot for prediction of FOG
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suggests that patients are attempting to avoid freez-
ing events through compensatory gait adaptations. 
This suggests that the typical gait cycle control impair-
ment pattern of FOG is not present in the interictal 
period and is even slightly better than in the average 
PD-nFOG patient. Consistent with the results of other 
studies, gait characteristics such as gait speed, stride 
length, stride variability, and left–right asymmetry 
were impaired to varying degrees in PD patients rela-
tive to healthy controls [28].

With the aid of gait analysis systems, we can obtain 
multi-variables. However, these parameters are too 
many to highlight PD’s gait impairment characteris-
tic and to be unsatisfactory in descript or distinguish-
ing FOG. Previous studies have attempted to describe 
gait in PD with different approaches and analyzed 
numerous spatiotemporal and kinematic parameters. 
However, the extracted variables are not readily inter-
pretable from a clinical standpoint and are frequently 
analyzed in isolation from clinical correlations, thus 
disregarding the comprehensive features of gait. More-
over, many gait parameters are often widely correlated 
with each other, and the problem of collinearity among 
variables limits the multinominal analysis of gait [29, 
30]. Exploratory factor analysis (EFA) has been widely 
used in social science and medical research and is less 
commonly used in the field of chronic non-communi-
cable diseases. Some recent studies have attempted to 
use EFA methods to reveal complex correlations among 
variables, identify potential common factors among 
variables, and further explain the practical significance 
of each factor [16]. For example, one study obtained 
four gait domains (variability, asymmetry, postural con-
trol, and pace/cadence factors) after factor analysis of 
gait parameters for assessing the gait characteristics 
of elderly patients with hip fractures [17]. Few studies 
are using EFA to characterize the gait of PD patients, 
especially the gait characteristics of FOG patients in 
the ‘interictal’ period relative to PD patients without 
FOG symptoms are uncertain. Therefore, in this study, 
we used EFA to analyze the differences in the changes 
in gait characteristics between PD-FOG patients and 
PD-nFOG patients compared to healthy controls in six 
gait dimensions: pace, kinematics, gait phase, turning 
process, rhythm and asymmetry, and to describe the 
degree of impairment in different gait domains. Our 
results showed that the pace, kinematic, gait phase, and 
turning process domains were impaired in both PD-
nFOG and PD-FOG groups compared to healthy con-
trols. Among them, the difference between the PD and 
FOG groups in the interictal period was mainly in the 
domain of the gait phase. This suggested that gait phase 
parameters were important indicators to distinguish 

PD-FOG patients from PD-nFOG patients in the inter-
ictal period.

The present study also showed that patients with FOG 
had a longer disease duration, more progressive disease, 
poorer balance, and more severe motor and non-motor 
symptoms, with more prominent aspects of bradykin-
esia and PIGD. These results are also consistent with the 
findings of other previous studies [31]. Notably, motor 
complications were more severe in patients with FOG, 
which may also be related to the longer disease dura-
tion and higher doses of antiparkinsonian medication 
in patients with FOG. The results of the multinominal 
analysis showed that gender, motor complications, PIGD, 
and impaired gait phase domain are associated with FOG 
and that these indicators could effectively distinguish PD 
patients with FOG in the interictal period from those 
without FOG.

There were some limitations of this study. Firstly, the 
gait test was completed during the “ON” period, and this 
might inaccurately reflect the degree of gait impairment 
of PD patients because of the differences in drug effect 
on motor symptoms and gait control among individuals. 
Secondly, visual judgment is currently the gold standard 
for FOG identification. Still, the standard definitions of 
the beginning and end of FOG events are inconsistent 
or not even clearly defined in many studies [32, 33]. This 
also reduces the comparability between different stud-
ies. Our study focused on people with interictal periods 
of FOG episodes, and the presence or absence of FOG 
events was determined by visual observation. There may 
be a problem of low identification accuracy, which in 
turn may introduce some patients with FOG events but 
mild symptoms into the population. Finally, FOG is a 
highly heterogeneous symptom, and there may be differ-
ences in the gait characteristics of patients with different 
types of FOG (complete blocking, shuffling forward with 
small steps, and trembling on the spot). Therefore, future 
prospective studies with larger sample sizes and less het-
erogeneous candidates are needed to further clarify these 
changes in FOG patients.

Conclusions
This study focused on analyzing the characteristic dif-
ferences of gait parameters in FOG patients during the 
‘interictal’ period. We focused not only on a single gait 
variable but also on revealing the common features 
behind numerous gait parameters and extracting inde-
pendent gait domains. Abnormal change in the gait phase 
domain was associated with FOG during the interictal 
period. Models constructed using gait phase domain fac-
tor score, PIGD subscore, gender, and severity of motor 
complications can better differentiate patients with inter-
ictal FOG. These features, while not directly causing 
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freezing of gait, may serve as risk markers due to their 
persistent impairments in gait patterns. FOG is not an 
isoated phenomen, but rather part of a broader spectrum 
of gait disturbances that evole over time in PD patients. 
We provided a more comprehensive understanding of 
the factors that cause FOG, both just prior to and further 
away from the events. Preventive interventions to reduce 
the risk of FOG can also be informed by understanding 
the interictal period and its role in the progression of gait 
disturbance.
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