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Abstract

Freezing of gait (FoG) in people with Parkinson’s disease (PD) is an environmentally sensitive, 

intermittent problem that occurs most often during turning. FoG is difficult for clinicians to 

evaluate and treat because it can be difficult to elicit during a clinical visit. Here, we aimedto 

develop a clinically valid objective measure of freezing severity during a 2-minute 360 degrees 

turning-in-place.

Twenty-eight subjects with PD (16 freezers, FoG+, and 12 nonfreezers, FoG−) in the “off” state 

and 14 healthy control subjects were tested. Subjects wore 3 inertial sensors (one on each shin and 

one on the waist) while 1) turning in place for 2 minutes (alternating 360 degrees to the right with 

360 degrees to the left) and 2) performing an Instrumented 7m Timed Up and Go test (ITUG). 

Performance was videotaped, and clinical severity of FoG was independently rated by two 

movement disorders specialists (co-authors).

Turning in place consistently resulted in FoG (13 out of 16 subjects with PD) while FoG was 

clinically observed in only 2 subjects with PD during the ITUG test. The Freezing Ratio during the 

turning test was significantly correlated with the clinical ratings (ρ=0.7, p=0.003) and with score 

on the new freezing of gait questionnaire (ρ=0.5, p=0.03). After correcting for symptom severity 

(UPDRS-III), out of the 4 objective measures of the turning test (total number of turns, average 
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turn peak speed and average turn smoothness), only the Freezing Ratio was significantly different 

across groups (p=0.04).

Freezing can be well quantified with body-worn inertial sensors during a 2-minute turning-in-

place protocol.
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INTRODUCTION

Freezing of gait (FoG) is one of the major causes of mobility impairment in Parkinson’s 

disease (PD) (Moore et al., 2007, Morris et al., 2008). It is one of the major reasons for falls 

and loss of freedom of movement, leading to increased admission to nursing homes, 

increased social isolation, and decreased quality of life (Perez-Lloret et al., 2014, Delval et 

al., 2015, Nonnekes et al., 2015, Walton et al., 2015). Over half of patients with PD develop 

this intermittent failure to initiate or maintain walking (Hely et al., 2008).

Typically, FoG episodes are brief (1 s or less) and are associated with a subjective feeling of 

“the feet being glued to the floor” (Bloem et al., 2004, Nutt et al., 2011). Although patients 

may report that they have FoG, it might not be observed. (Snijders et al., 2008, Nutt et al., 

2011, Heremans et al., 2013) This might be because FoG is triggered in specific conditions, 

such as multi-tasking in challenging environments that do not take place at a clinical 

appointment. Without observing FoG, clinicians can’t be confident about what type of gait 

problem they are treating. Furthermore, assessment of FoG in the clinic may offer little 

indication about frequency of FoG away from the stimulating clinic environment.

The “gold standard” of FoG assessment is clinical observation to determine the conditions 

eliciting FoG and the severity of FoG. However even clinical observation is still subjective, 

and inter-rater reliability is variable, ranging from low to good (Morris et al., 2012).

To date, several studies have objectively characterized FoG in a research laboratory, using 

either instruments available in traditional gait laboratories, such as motion analysis (Delval 

et al., 2010b), foot switches (Hausdorff et al., 2003, Plotnik et al., 2005a), force plates 

(Nantel et al., 2011), sEMG (Nieuwboer et al., 2004), or more recently with inertial sensors 

(Moore et al., 2007, Moore et al., 2008, Bachlin et al., 2010, Moore et al., 2011, Zach et al., 

2015). The majority of these studies validated objective FoG measures, such as number and 

duration of episodes, with the gold standard, experienced clinical judgment. However, as 

described in a recent review, despite objective measures having high sensitivity and 

specificity in discriminating subjects with and without FoG, the gold standard still remains 

the clinical expert opinion (Delval et al., 2015).

A major drawback of some objective approaches to quantifying FoG is that they depend 

upon laboratory motion analysis that is not practical for clinical trials or clinical practice. 

Therefore, the emerging studies utilizing inertial sensors to capture the FoG hallmark 

“trembling of knees”, with a frequency analysis approach, are particularly promising 
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because they could be used easily in the clinic. This promising approach has demonstrated a 

sensitivity of 75–83% and specificity of >95% in identifying single freezing episodes 

compared to clinical observations (Hausdorff et al., 2003, Schaafsma et al., 2003b, Moore et 

al., 2008, Delval et al., 2010a). Moore et al and Hausdorff et al pioneered the use of leg 

movement frequency to quantify trembling of the legs during FoG with wearable sensors 

(foot switches or accelerometers) during simple walking or Timed-Up and Go (TUG) 

(Hausdorff et al., 2003, Moore et al., 2008) to identify the occurrence (start and end) of 

freezing episodes and measure their duration. In a recent short paper, we modified that 

approach to quantify overall freezing severity rather than identify the occurrence and 

duration of single freezing episodes. Indeed we calculated a Frequency Ratio for the whole 

duration of a 7m TUG test finding that this objective measure was significantly correlated 

with self-perceived severity of FoG and with gait and balance confidence (Mancini et al., 

2012).

Along with different instruments used to objectively characterize FoG, a variety of motor 

tasks have been proposed to evoke FoG in the laboratory. Among the most promising ones, 

tasks requiring bilateral limb coordination, such as stepping in place (Nantel et al., 2011), 

walking and turning on the TUG test (Mancini et al., 2012, Moore et al., 2013), and turning 

in place (Spildooren et al., 2010, Snijders et al., 2012, Zach et al., 2015) are the most reliable 

methods to elicit FoG in the laboratory. Although the recent trend in objective measures of 

FoG is to assess the percentage of time frozen and the number of FoG episodes (Delval et 

al., 2015), it is also necessary to find an overall objective measures of freezing severity that 

is related to clinical severity, with the long term goal of deploying such a measure over long 

periods of time to investigate how much of a problem FoG poses in the home environment. 

In addition, a recent consensus review of FoG shows a most pressing need to characterize 

FoG with quantitative, instrumented measures both to understand the pathophysiology and 

to facilitate clinical trials (Nutt et al., 2011). In the current study, we scored the presence of 

FoG with a clinical rating scale and with wearable technology quantify the frequency of leg 

movements during a 7m TUG and two-minute, turning-in-place protocol. We hypothesized 

that objective measures of freezing severity would correlate with the clinical ratings.

EXPERIMENTAL PROCEDURES

Participants

Twenty-eight subjects with PD and 14 healthy control subjects of similar age (mean age 

66±7.3 years) were recruited through the Parkinson’s Center of Oregon clinic at Oregon 

Health & Science University. Individuals were excluded if they could not safely walk 20 feet 

without walking aids, or if they had any musculoskeletal or vestibular disorder, dementia, 

severe tremor, or metal in their bodies (another aspect of this study included neuroimaging). 

Of the 28 PD patients, 16 (age 67±5.3 years) were classified as FoG+ based on a score of >3 

on the New Freezing of Gait Questionnaire (NFOGQ). Twelve patients scoring ≤3 were 

classified as FoG− (age 65±6.8 years). All PD patients were tested in the “OFF” state, after 

12–18 hour overnight withdrawal from anti-parkinsonian medications.

All gave informed, written consent to a protocol approved by the Institutional Review Board 

of Oregon Health and Science University.
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Protocol

After explaining the study and obtaining consent, the researchers administered the motor 

section of the UPDRS to quantify disease severity (Fahn and Elton, 1987) and the NFOGQ 

(Nieuwboer et al., 2009) to assess the clinical presence of freezing from the patient’s 

experience. Subjects then completed two trials of the instrumented mobility protocol, the 7m 

Instrumented TUG (Mancini et al., 2012) and turning in place, while wearing wireless, 

synchronized inertial sensors (Opals by APDM, Inc) on both shanks and on the posterior 

trunk (around L2). For the turning in place test, subjects stood and turned in place 

alternating 360° turns to their right, then 360° to their left, repeating this sequence at a self-

selected pace for 2 minutes. The inertial sensors recorded 3-D linear accelerations and 3-D 

angular velocities at 128 Hz.

Data were stored for offline analysis with Matlab.

Clinical observation assessment

Turning trials were also video recorded; two internationally recognized movement disorders 

specialist (JGN and NG) subsequently reviewed the videos (blinded to group allocation) and 

rated freezing severity on a 0 to 4 scale. Freezing was rated as: − 0, Absent (no freezing 

episodes), − 1, Mild (hesitation or episodic slowing), − 2, Moderate (at least one arrest), − 3, 

Severe (multiple arrests), − 4, Unable (required assistance). Clinical severity of FoG was 

scored separately for the ITUG and turning trials.

Objective measure of the clinical phenomenon

We based our approach to developing a “Freezing Ratio” on a study by Moore et al.(Moore 

et al., 2008), and on our preliminary findings(Mancini et al., 2012). We examined the 3-D 

accelerations and angular velocities of the shins and found the clearest freezing ratios came 

from the power spectral density (PSD) of antero-posterior, and not vertical, shin 

accelerations, unlike Moore (Moore et al., 2008). The PSD was calculated for each trial 

using a 4-s Hanning window with 50% overlap (using the Welch method). The total power 

was then normalized to the area under the PSD for each subject. A Freezing Ratio was 

calculated as the square of the total power in the 3–8 Hz band, divided by the square of the 

total power in the 0.5–3 Hz band. Figure 1 shows time-series (A) of trunk and shank angular 

velocity during the turning task, as well as the frequency analysis (B) with PSDs and the 

Freezing Ratio calculated for 3 representative subjects performing the continuous turning-in-

place task. We calculated the Freezing Ratio for both the 7m ITUG and for the turning in 

place tests. In addition, for the turning in place test, we computed from the yaw angular 

velocity of the posterior trunk sensor: 1) the total numbers of turns in 2 minutes, 2) the 

average peak speed of the turns completed; and from the mediolateral acceleration of the 

posterior trunk sensor 3) the average jerkiness of the turns, quantifying fluidity of turning.

Statistical Analysis

Inter-rater reliability of the clinical FoG rating was assessed using the Intraclass Correlation 

Coefficient (ICC(1,1)).The Shapiro-Wilk normality test was used to check the data 

distribution; for the variables that were not normally distributed (Average jerkiness, Freezing 

Ratio), a natural logarithm transform was used. One-way Analysis of Variance (ANOVA) 
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was then used to determine whether differences in the objective measures of turning in place 

and 7m TUG existed among the three groups (healthy controls, FoG−, and FoG+). In 

addition, we analyzed the data with disease severity (UPDRS-III) as a covariate for the 

analysis (ANCOVA).

Non-parametric (Spearman) correlations were performed to investigate the associations 

between objective measures of turning in place and clinical FoG severity. Statistical analyses 

were performed using SPSS (V.22).

RESULTS

Turning, but not ITUG, consistently resulted in FoG

The ICC between the two raters for scoring FoG during the turning task was 0.97 (95% CI: 

0.94– 0.98). During the 360-degree turns, clinicians identified freezing in 13 of 16 FoG+ 

subjects; none of the FoG− subjects froze. The 3 FoG+ subjects who did not show FoG had 

a similar NFOGQ score and UPDRS III compared to the rest of subjects who showed 

freezing during the test. However, two out of three had a PIGD subscore of 1, the lowest 

among FoG+ subjects.

In contrast, clinicians identified freezing in only 2 FoG+ subjects during the ITUG; none of 

the FoG− subjects froze. The ICC between the two raters for the ITUG test was 0.98 (95% 

CI: 0.96– 0.99). The 2 FoG+ subjects who did show freezing during the TUG test had 

similar NFOGQ score and UPDRS III compared to the rest of subjects who did not show 

freezing during the ITUG test. However, their PIGD subscores were among the highest (6 

and 8).

Since only 2 out of 16 FoG+ subjects froze in the ITUG test, we concentrate the following 

analysis only on the turning test.

The Freezing Ratio was related to clinically observed and self-reported FoG

The Freezing Ratio during the turning test was significantly correlated with clinical ratings 

(ρ=0.7, p=0.003) and with scores on the NFOGQ (ρ=0.5, p=0.03), as shown in Figure 2.

Freezing Ratio was significantly larger in FoG+ than in FoG

Disease severity and PIGD, as measured by the UPDRS-III, were significantly worse in PD 

FoG+ compared to PD FoG− and controls, as shown in Table I. Therefore, in Table I we 

report turning performance measures and statistics from both the ANOVA and the ANCOVA 

correcting for disease severity. After correcting for symptom severity (UPDRS-III), out of 

the 4 objective measures of the turning test, only the Freezing Ratio was significantly 

different across groups (Figure 3).

DISCUSSION

The aim of this study was to validate an objective measure of FoG with clinical ratings of 

FoG severity, during a turning in place task that frequently provokes FoG in the clinic.
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The results demonstrate that 1) turning in place provoked freezing more than a 7m ITUG 

task; 2) both the ratings from expert movement disorders specialists and patients’ own 

judgment of their freezing severity were associated with an objective measure of FoG 

severity, the, Freezing Ratio, a ratio of high “trembling” frequencies (3–8 Hz) divided by 

gait frequencies (.5–3 Hz) during the turning task; and 3) the Freezing Ratio was 

significantly larger in self-identified FoG+ compared to FoG− subjects during the turning 

test, while other objective measures of turning, such as turning speed, were not significantly 

different between groups.

Consistent with recent findings (Moore et al., 2008, Snijders et al., 2012, Zach et al., 2015), 

asking patients to repeatedly make 360-degrees turns is an efficient protocol to elicit FoG. 

Turning is often impaired in PD even in the early, untreated phase of the disease (Zampieri 

et al., 2010). In fact, subjects with PD often show longer turn durations and a greater number 

of steps to complete a turn, even when straight ahead walking speed is normal (review 

(Earhart, 2013)). These turning impairments might be associated with a compromised ability 

to change motor patterns from straight walking to turning (Earhart, 2013). Interestingly, we 

only observed a slight increase in the Freezing Ratio and clinical ratings in FoG+ compared 

to FoG− during the ITUG test, indicating that 180-degree turns in the ITUG are not 

sufficient to elicit FoG. Continuously turning for 2 minutes with direction reversals every 

360 degrees may induce FoG because it imposes temporal and spatial asymmetry of steps 

(step length decreases on the inner side of the turn more than on the outer side) (Plotnik et 

al., 2008, Snijders et al., 2012). In line with this, Plotnik et al (Plotnik et al., 2005b, Plotnik 

et al., 2008), associated FoG pathophysiology to asymmetric gait performance and reduced 

bilateral motor coordination. Generalized problems with coordination of rhythmic 

movement may reflect abnormalities in gait pattern generation (Nutt et al., 2011). This 

would suggest that freezing is a disruption of spinal cord pattern generators rather than 

disruption of frontal cortex including motor cortex and supplementary motor area (SMA).

However, we did not observe FoG during the straight-ahead gait of the ITUG, and turning is 

a more complex task compared to straight-ahead gait also requiring tight coupling between 

anticipatory postural adjustments to unload the stepping leg and the locomotor pattern, 

mediated by the SMA. A recent study showed a reduced medial and increased anterior 

position of the center of mass during turning prior to a FoG episode (Bengevoord et al., 

2016). The results are consistent with previous findings showing a high association between 

weight shifting difficulties in the mediolateral direction and freezing severity during a 

repetitive stepping in place task (Nantel et al., 2011), and an associations between the 

occurrence of multiple anticipatory postural adjustments and freezing when subjects were 

asked to respond to a backward platform perturbation (Jacobs et al., 2009) or during gait 

initiation (Delval et al., 2014). These findings favor an abnormal coupling of posture with 

gait as the basis of freezing, in which the breakdown in coupling posture by the SMA, and 

step initiation by the motor cortex might occur in the pontomedullary reticular formation 

(Drew and Rossignol, 1984, Nutt et al., 2011).

A growing body of literature is using a neuroimaging approach to investigate whether 

functional and structural locomotor network differences are associated with freezing, see 

(Lewis and Shine, 2016, Snijders et al., 2016) for comprehensive reviews. Our group 
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previously showed a pattern of altered structural and functional connectivity in FoG+ 

compared to FoG− and healthy controls, in a smaller set of the subjects that participated in 

the present study (Fling et al., 2013, Fling et al., 2014). Specifically, FoG+ exhibited higher 

functional connectivity between the SMA and the mesencephalic (MLR) and cerebellar 

(CLR) locomotor regions compared to FoG− and healthy controls. In addition, FoG+ 

exhibited a reduction in functional connectivity between the right subthalamic nucleus 

(STN) and SMA compared to FoG−. Such findings might explain the abnormal coupling of 

posture with gait as inability to inhibit competing motor programs and to initiate movement 

in FoG+. However, as recently summarized by (Lewis and Shine, 2016) freezing is a 

paroxysmal phenomenon unlikely to be due to a focused specific region of the brain. In the 

current study, we focused on the clinical severity of freezing episodes scored by two 

movement disorders specialists rather than counting the number or duration of the freezing 

episodes. The association we found between the objective Freezing Ratio and clinical scores 

during turning may be very useful for assessing the impact of pharmacological or 

rehabilitation treatments on freezing (the latter is a currently ongoing project).

When correcting for disease duration, the only objective measure differentiating between 

FoG+ and FoG− was the Freezing Ratio. The other objectively quantified turning 

characteristics, including number of turns, average peak speed, and average jerkiness, may 

deteriorate with disease progression rather than being specifically related to freezing, and 

therefore may be a good marker of disease progression. In keeping with our preliminary data 

(Mancini et al., 2012), we found the clearest difference in freezing ratio from the antero-

posterior acceleration on the shins rather than from the vertical shank acceleration as 

reported by Moore (Schaafsma et al., 2003a, Moore et al., 2008). Such differences between 

studies might be attributable to a less severely impaired cohort in our study, or to the fact 

that festination (rapid, small steps while falling forward) is generally not present during 

turning in place. A limitation of this study is that we did not compare the Freezing Ratio 

derived from sensors on various locations on the body (shin versus lumbar segment), as has 

been previously reported (Bachlin et al., 2010, Morris et al., 2012). We based our approach 

on using the sensors on the shins to quantify the “trembling of knees” and the sensor on the 

lumbar segment to characterize turning characteristics (number of turns, peak velocity and 

fluidity). Future studies could determine if one accelerometer on the more affected leg could 

be enough to obtain a clinically valuable measure. In addition, the Freezing Ratio needs to 

be examined in the home situation where freezing may be occurring without 360-degree 

turns and with other situations such as passing through doorways.

In summary, we showed that a two-minute turning-in-place task elicits freezing and that our 

objectively measured Freezing Ratio correlates with the “gold standard” clinical assessment 

of the severity of freezing. The Freezing Ratio based on body-worn movement monitors 

during turning is a practical way to objectively evaluate freezing severity in clinical practice, 

where FoG is often very difficult to elicit.
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Highlights

• The validity of an objective measure of freezing during turning in place and 

TUG is investigated.

• Turning in place consistently elicited freezing, but not the TUG test.

• Only the Freezing Ratio during the turning in place test discriminated PD 

with and without freeing of gait.

• The objective Freezing Ratio was significantly correlated to the clinical 

judgment of freezing severity.
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Figure 1. 
A) Time series of trunk (black line) and shins (blue and pink lines) angular velocities during 

the turning task. The grey shaded area identifies the first 360-degree turn. Representative 

examples in a healthy control subject, PD subject without freezing (FoG−), and PD subject 

with freezing (FoG+). B) Frequency analysis of the shin anteroposterior acceleration PSDs 

in a healthy control subject, PD subject without freezing (FoG−), and PD subject with 

freezing (FoG+) during the turning in place task. Dark shading indicates the locomotor 

band; light shading indicates the freezing band. Freezing ratios are provided.
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Figure 2. 
Associations between the Freezing Ratio during turning and the clinical FoG severity (left), 

FoG questionnaire (right).
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Figure 3. 
Objective measures of turning in controls (CTR), nonfreezers (FoG−), and freezers (FoG+). 

Boxes indicate the interquartile range, middle lines the median, whiskers the min-max value, 

outliers are plotted with +. * p<0.01.
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