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Abstract
Background Three-Hz postural leg tremor has recently been identified as highly prevalent in patients with the cerebellar 
type of multiple system atrophy, but its impact on posture maintenance remains poorly understood.
Patients and methods Thirty-seven patients with spinocerebellar ataxia and 58 others with cerebellar type of multiple system 
atrophy were given Synapsys posturography examinations. Fifty-three healthy controls were also tested. Low, medium, and 
high-frequency sway were recorded to compute energy values. Frequency shift and postural strategy predominance were 
evaluated from the postural sway distributions, mainly from the proportions of higher frequency values among the total val-
ues. The trajectories of postural sway components were evaluated with the generalized additive mixed model. Distributions of 
the components and their relationships with falls and tremors were assessed through repeated measures correlation analysis.
Results As the test difficulty increased, the standard controls showed slight increases in the energy values at every frequency. 
Distributions of the higher frequency (>0.5 Hz) values increased escalatingly with test difficulty, illustrating frequency shifts 
and hip strategy predominance. Medium and high-frequency values were strongly and positively inter-correlated in normal 
stances, but this was not observed among the spinocerebellar ataxia or multiple system atrophy patients. Unlike normal 
stances, the proportion of medium frequency values was negatively related to the total value among the spinocerebellar ataxia 
and multiple system atrophy patients, implying a failure of frequency shift in response to perturbation. Medium frequency 
proportions were also inversely correlated with tremors among the multiple system atrophy patients.
Conclusions The observed synchronized changes in medium and high-frequency postural sway indicate that they consti-
tute a complete hip strategy for posture control. The strategy was rigid in those with spinocerebellar ataxia but completely 
disrupted in those with multiple system atrophy. Three Hertz postural leg tremors destabilize the ankle joints and interfere 
with postural adjustment among those with multiple system atrophy.
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Introduction

Postural instability is a central clinical feature in degenera-
tive ataxia, and increased sway during a quiet stance is asso-
ciated with gait and balance impairments in patients with 
cerebellar ataxia [1]. However, there is limited research on 
distinct postural sway patterns for different types of ataxia 
[2, 3]. In a previous study using posturography, we examined 
center of pressure (COP) sway in patients with spinocer-
ebellar ataxia (SCA), multiple system atrophy-cerebellar 
type (MSA-C), and a group of healthy individuals [4]. Both 
ataxia groups exhibited significantly increased postural sway 
during the four-step sensory organization test (SOT). Still, 
SCA patients had better postural performance than MSA-C, 
as indicated by a significantly lower occurrence of falls [4]. 
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However, the overall body sway in the SCA and MSA-C 
groups was similar across all frequency bands, and the 
medium frequency sway in the SCA group was even higher. 
As a result, the discrepancy in their postural performance 
was attributed to the high-frequency sway component, which 
was induced by a 3-Hz postural leg tremor [5] and was more 
pronounced in the MSA-C group [4]. This is plausible since 
the nature of the 3-Hz sway significantly differs from the sta-
bilizing high-frequency physiological tremor (approximately 
8 Hz) induced by isometric contractions of the soleus muscle 
during quiet standing [6].

COP sway and its derivatives are commonly used as 
dependent variables in the analysis of postural control. 
Over 50 sway measures have developed from COP data to 
describe and characterize postural instability [7, 8]. How-
ever, establishing a unified relationship between total sway 
power and postural function has been challenging due to the 
variability across study subjects, influenced by factors such 
as physical indices [6, 9], demographic features [10, 11], and 
lifestyle choices [12–14]. Direct comparisons among sway 
components have been commonly employed in postural con-
trol analysis. Increases in low, medium, and high-frequency 
sway have been attributed to deficits in visual-vestibular [15, 
16], cerebellar [3, 17], or proprioceptive [18, 19] control of 
static posture. Neurophysiological studies have also investi-
gated peripheral mechanisms of different sway components. 
Low-frequency sway originated from frequent, ballistic bias 
impulses from the soleus and gastrocnemius muscles [20]. 
Medium-frequency sway of ~2 Hz was mainly oscillations 
around the hips [3]. High-frequency COP sway was short-
latency, somatosensory-triggered destabilizing bursts of the 
gastrocnemius muscle [13, 18, 19, 21]. However, concluding 
solely from one component of the power spectrum can be 
a potential source of error, as the amplitude and velocity of 
postural sway may increase in a nonspecific fashion.

After analysis of human body kinematics, muscle acti-
vations, and ground reaction forces during acute postural 
responses, two distinct postural strategies have been identi-
fied [22–26]. It is widely accepted that a normal stance is 
maintained predominantly by ankle strategy, assisted by the 
hip strategy in response to external or internal perturbation, 
accompanied by postural sway shifting toward higher fre-
quency bands [24, 27–32]. However, sway increase at higher 
frequencies has been observed in vestibular diseases [26], 
musculoskeletal and joint disorders, and even in adults of 
older age, indicating a wide range of conditions associated 
with spectral change. Deciphering these sway patterns as 
normal, compensatory, or pathological responses to pos-
tural perturbation remains complex. The process termed 
frequency shift has yet to be well defined.

The SOT (Sensory Organization Test) has been incor-
porated into computerized posturography examinations for 
several decades [17, 24, 27, 31–33]. Neurologically intact 

adults typically exhibit minimal body sway and can maintain 
balance for approximately 20 to 30 s under all test condi-
tions. By sequentially depriving vision, deep sensory inputs, 
and both, the SOT test introduces increasing difficulty levels 
and presents a potentially effective protocol for investigating 
frequency shift and postural control strategies [24, 34–36]. 
However, the whole picture of SOT-related postural sway 
patterns has yet to be fully revealed. In a previous study, 
we observed an escalating increase in sway at every fre-
quency for normal adults and individuals with ataxia [4]. 
We hypothesized that the ankle strategy prevails during 
low-amplitude, low-velocity, and low-frequency motions. In 
contrast, the hip strategy dominates during larger and faster 
sway perturbations [37]. The proportion of higher-frequency 
sway would also increase with total sway power in the pres-
ence of frequency shift. Exploring the frequency composi-
tion of postural sway can aid in identifying indicators of 
postural strategies and potentially unveil distinct patterns 
between individuals with normal postural control and those 
with ataxia.

To test these hypotheses, we examined the postural sway 
profiles of two ataxia groups and a group of healthy controls. 
We examined the trajectories of these sway components and 
their distributions throughout the test, and we also assessed 
the correlations between the sway components and their dis-
tributions with total postural sway power, fall occurrence, 
and tremor. The study’s objectives were to identify indica-
tors of efficient posture adjustment, understand the dynamic 
relationship between postural sway components and posture 
maintenance, and evaluate the impact of 3Hz leg tremor on 
postural instability.

Patients and methods

Demographics of the study subjects and administrations of 
the posturography have been reported before [4]. MSA-C 
diagnoses were based on the Movement Disorder Soci-
ety criteria for the diagnosis of MSA [38]. The SCA was 
diagnosed based on typical clinical features and positive 
genetic findings. Exclusion criteria were the following: 
(1) acute cerebellar dysfunction; (2) a history of head 
trauma; (3) a history of prescribed medication known to 
induce cerebellar atrophy such as phenytoin; or (4) any 
active disease of the central nervous system that affects 
the cerebellum. None of the study’s subjects had a history 
of alcohol misuse or dependency. Under four conditions, 
the static balance was assessed using an SYNAPSYS force 
plate (Marseille, France). SOT1 involved standing on a 
firm platform with the eyes open, while SOT2 involved a 
firm platform with the eyes closed. SOT3 utilized a foam 
platform with the eyes open, and SOT4 utilized a foam 
platform with the eyes closed. Each condition consisted 
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of 20-s trials of quiet standing. Sensors underneath the 
platform captured postural sway, and the amplitude was 
measured and transformed into an energy value using a 
Fourier analyzer. The low, medium, and high-frequency 
components of postural sway were represented by low 
(LFV), medium (MFV), and high-frequency values (HFV) 
as per the posturography system. The proportions of these 
components, commonly referred to as low-frequency pro-
portion (LFP), medium-frequency proportion (MFP), and 
high-frequency proportion (HFP), can be calculated by 
dividing their respective values by the total sway power. 
Three-Hz postural tremor was confirmed through visual 
inspection of rhythmic leg shaking and an isolated ~3-Hz 
peak wave in the anterior-posterior direction stabilogram 
[4]. Trials were marked as fall occurrences if the subject 
required assistance from safety harness to prevent falling, if 
the subject took one or more steps, or if the subject touched 
or held onto the research assistant. Frequent fallers were 
those who experienced two or more falls during the total 
four stance tasks. The trajectories of postural sway compo-
nents and their distributions during the four-step SOT test 
were analyzed using a generalized additive mixed model 
(GAMM) with version 2.17.8 of the Empower Stats soft-
ware suite and version 4.1.0 of the R-project software. To 
examine for potential influences of falls and tremors on 
postural sway, the GAMM analysis was performed both 
before and after adjusting for age, sex, fall occurrences 
and postural tremors. The relationships among postural 
sway components and the associations between total pos-
tural sway, fall occurrences, and tremor were quantified 
using repeated measures correlation analysis [39]. Since 
human static posture is a well-organized system controlled 
by various muscle synergies and coordinated movements of 
multiple joints, there may be relationships and interactions 
between postural sway at different frequencies. So interac-
tions among different postural sway components were also 
evaluated through repeated measures correlation analysis.

Results

General postural sway patterns of three groups

A total of 53 healthy controls, 37 patients with SCA (35 
with SCA3 and 2 with SCA2) and 58 patients with MSA-C 
(48 clinical established, 10 clinical probable) were included 
in this study. Generally, compared with the SCA patients, 
those with MSA-C had an older age of onset (56.8±8.2 
vs33.5±10.8, p<0.001), shorter disease duration (defined by 
the onset of motor symptoms, Q1-Q3 range of 1–2 years with 
a median one year, versus a Q1-Q3 range of 4–8 years with a 
median of 5 years, p<0.001), higher ICARS scores (21–34 
with a mean of 28, versus 18–29 with a mean of 23) and 

higher prevalence of cross sign (69% versus 8.1%, p<0.001). 
The severity of cerebellar vermis atrophy was comparable 
in the two ataxia groups, although patients with moderate 
or severe vermis atrophy accounted for a higher percentage 
in MSA-C. During the posturography study, falls and trem-
ors were also significantly higher in the MSA-C group [4]. 
Table 1 and Fig. 1 present the results of the GAMM analy-
sis, which examined the changes in LFV (Fig. 1a), MFV 
(Fig. 1b), and HFV (Fig. 1c) among the three groups across 
the four stance tasks. The postural performance of the SOT 1 
task was used as a baseline reference, and the subjects were 
observed for changes in sway magnitude over the subsequent 
three conditions. The increments of sway (Table 1) and sway 
distributions (Table 2) in ataxia patients were compared with 
those in healthy controls at each condition (Fig. 1). Addi-
tionally, the postural performance of MSA-C was compared 
with SCA (supplementary information Table 1-2). Initially, 
all the sway components were comparable among the three 
groups. During normal stances, only slight and insignificant 
increases in body sway were observed throughout the testing 
period (Table 1, Fig. 1). However, in the ataxia groups, the 
postural sway components at all frequencies increased sig-
nificantly with the increasing difficulty of the test (Table 1, 
Fig. 1).

In our previous study, direct comparison of postural sway 
did not reveal significant differences between the ataxia 
groups. In this study, LFV of SCA and MSA-C was com-
parable before and after adjustment (Table 1, Supplemen-
tary information Table 1, Fig. 1a). However, the SCA group 
exhibited higher increments in MFV, particularly in the SOT4 
test, compared to the MSA-C group (Table 1, Supplemen-
tary information Table 1, Fig. 1b). This difference persisted 
even after adjustment (Supplementary information Table 1, 
Fig.  1b). Regarding HFV, the MSA-C subjects initially 
showed larger increments in the SOT3 test, but the differ-
ences compared to SCA became negligible after adjustment 
(Supplementary information Table 1, Fig. 1c).

Frequency shift and hip strategy predominance 
in normal stance

Table 2 presents the results of the GAMM analysis associ-
ating LFP, MFP (see also Fig. 2a), and HFP changes in the 
three groups with the four stance tasks. In a normal stance, 
a characteristic finding was the continuous upward tendency 
of MFPs (Fig. 2a). Conversely, HFP demonstrated minimal 
changes with varying test difficulties in healthy controls and 
SCA patients. The dynamic changes of LFP generally fol-
lowed an inverted pattern compared to MFP (Table 2, Fig-
ures not shown).

Initially, the MFPs of normal subjects were lower than 
those of ataxia patients. However, as the test difficulty 
increased, the MFPs gradually increased and eventually 
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became more remarkable than the two ataxia groups in 
foam tests (Fig. 2a). Consistent with the GAMM findings, 
repeated measures correlation analysis revealed that total 
postural sway power (total energy value) during normal 
stance was positively related to both MFP (r=0.33, p≤0.05) 
and HFP (r=0.25, p≤0.05), and negatively associated with 
LFP (r=−0.32, p≤0.05). A strong and positive correla-
tion between MFV and HFV was also observed (r=0.78, 
p≤0.05, Table 3), suggesting an intrinsic coupling of higher 
frequency sway components. The postural adjustment 

patterns depicted the frequency shift and hip strategy pre-
dominance characteristic of a normal stance. Notably, there 
was a negative correlation between LFP and the higher 
frequency components (including MFP and HFP) in both 
normal adults and ataxia patients (Table 3). This supports 
the fundamental concept that ankle and hip strategies com-
plement or compete with each other and indirectly validate 
the predetermined cut-off values of the SYNAPSYS system 
for the three frequency bands (below 0.5 Hz for LF, 0.5–2 
Hz for MF, over 2 Hz for HF).

Table 1  Postural sway (energy values) changes at every frequency and every stance task in the three groups

GAMM analysis evaluated “net” changes of postural sway power in every stance task for three groups (See also Fig. 1). # Dynamic changes 
in energy values were assessed in relation to the initial stance (SOT1) as the reference. § Initial postural performance of the two ataxia groups 
(Group 2: spinocerebellar ataxia, Group 3: multiple system atrophy) was also compared with healthy controls (Group 1). Generally, there was 
a minimal and insignificant increase in postural sway at every frequency in healthy controls. Contrary to that, increments in low-frequency 
sway were significant, which still exist even after adjustment. MFV presented a substantial increase in SCA groups, which was neglectable in 
MSA after adjustment. Neither SCA nor MSA had a substantial increase in HFV after adjustment. LFV, low-frequency value; MFV, medium-
frequency value; HFV, high-frequency value; SOT, sensory organization test. *indicates a difference significant at the p≤0.05 level of confidence

Energy value of three frequency band LFV MFV HFV

Groups/tasks No adjustment Adjusted No adjustment Adjusted No adjustment Adjusted

Baseline (GROUP1, SOT1) 2.00 4.77 0.21 −1.52 0.19 1.54
 factor(SOT)2 # −0.38 −0.38 0.07 0.07 −0.00 −0.00
 factor(SOT)3 # 2.14 2.14 0.99 0.99 0.03 0.03
 factor(SOT)4 # 3.75 3.75 2.46 2.46 0.10 0.10
factor(GROUP)2:factor(SOT)1§ 2.29 2.79 1.11 2.02 0.39 0.09
factor(GROUP)2:factor(SOT)2 # 7.20 4.89 3.86 2.89 2.74 1.51
factor(GROUP)2:factor(SOT)3 # 10.31 8.78 3.12 2.43 1.21 0.31
factor(GROUP)2:factor(SOT)4 # 62.85* 42.59* 17.73* 13.01* 4.71* 0.71
factor(GROUP)3:factor(SOT)1§ 2.12 2.01 0.96 0.81 0.20 −0.09
factor(GROUP)3:factor(SOT)2 # 6.95 2.28 1.98 0.97 0.27 −0.51
factor(GROUP)3:factor(SOT)3 # 19.68* 11.10* 3.19 −1.44 6.69* 0.25
factor(GROUP)3:factor(SOT)4 # 66.39* 43.38* 9.19* 1.01 8.44* −1.17

Fig. 1  Changes in the low (a), medium (b), and high (c) frequency 
band energy with test difficulty in the three groups. The normal 
controls showed very slight increases in the energy values at every 
frequency. Compared with normal adults, postural sway at every 
frequency was significantly elevated with test difficulties in SCA 
and MSA patients. The LFV of SCA and MSA was comparable at 
every stance (a). In the SCA group, MFV increased significantly, 

especially in SOT 2 and SOT 4 tests (b). Similar to LFV, MFV was 
also significantly elevated with test difficulties in SCA and MSA 
patients. Increments of MFV of SCA were higher than MSA in 
the SOT4 task. Increments of HFV were much more prominent in 
MSA-C subjects on foam tests (SOT 3 and SOT 4)  (c). SOT: sen-
sory organization test, MSA-C: multiple system atrophy-cerebellar 
types, SCA: spinocerebellar ataxia, HC: healthy controls



605Neurological Sciences (2024) 45:601–612 

1 3

Increase of MFPs was constrained or diminished 
in ataxia

Upon initial analysis, the MFPs of the two ataxia groups at 
baseline (SOT1) were comparable, and their trajectories dur-
ing the four stance tasks were also similar. In the SCA group, 
MFPs increased in SOT2 but then decreased continuously 
during the foam tests (SOT3 and SOT4) (Fig. 2a, Table 2). 
In MSA-C, the increase in SOT2 was almost invisible, while 

the decrease in the foam tests was more pronounced (Fig. 2a, 
Table 2). These findings suggest that the increase in MFPs 
was limited in ataxia patients and thus can be interpreted as 
a surrogate for implementing the hip strategy. The transient 
frequency shift and the predominant use of the hip strategy 
on a firm platform suggest a strong reliance on propriocep-
tive input for effective postural adjustments in ataxia.

Upon further stratification, it remained evident that MFP 
levels had a momentary surge among non-fallers during the 

Table 2  Postural sway distribution (energy values proportion) changes at every frequency and every stance task in three groups

GAMM analysis was used to evaluate the “net” changes in postural sway distribution across different stance tasks for the three groups (See also 
Fig. 2). # Dynamic changes in energy values proportions were assessed in relation to the initial stance (SOT1) as the reference. § Initial postural 
performance of the two ataxia groups (Group 2: spinocerebellar ataxia, Group 3: multiple system atrophy) was also compared with healthy con-
trols (Group 1). LFP, low-frequency proportion; MFP, medium-frequency proportion; HFP, high-frequency proportion; SOT, sensory organiza-
tion test. *indicates a significant change at the p≤0.05 level of confidence. See also Fig. 2 for MFP trajectory during the tests

Energy value proportions of three 
frequency band

LFP MFP HFP

Groups/tasks No adjustment Adjusted No adjustment Adjusted No adjustment Adjusted

Baseline (GROUP1, SOT1) 86.76* 93.54* 11.88* 5.59 1.36 1.54
 factor(SOT)2 # −4.44 −4.44 4.16 4.16 −1.14 −1.14
 factor(SOT)3 # −13.45* −13.45* 13.42* 13.42* 0.02 0.02
 factor(SOT)4 # −18.71* −18.71* 18.40* 18.40* 0.29 0.29
factor(GROUP)2:factor(SOT)1§ −11.31* −14.18* 8.28* 10.99* 2.88 2.71
factor(GROUP)2:factor(SOT)2# −7.55 −5.85 6.37 6.25 0.44 −1.14
factor(GROUP)2:factor(SOT)3# 8.76 10.07* −9.43* −9.56* 0.67 −0.51
factor(GROUP)2:factor(SOT)4# 15.59* 16.53* −16.35* −14.08* 0.75 −2.73
factor(GROUP)3:factor(SOT)1§ −13.31* −12.89* 9.64* 9.64* 3.51* 3.11*

factor(GROUP)3:factor(SOT)2# 4.04 3.96 −3.11 −2.51 −3.06 −3.64*

factor(GROUP)3:factor(SOT)3# 7.39 17.59* −16.57* −17.97* 9.35* 0.63
factor(GROUP)3:factor(SOT)4# 22.39* 33.94* −25.49* −25.44* 3.28 −8.42*

Fig. 2  Changes of the medium frequency proportion with test dif-
ficulty in ataxia groups before and after stratification by fall occur-
rence. a MFP gradually increased in normal stance. In SCA, there 
was a transient increase in the firm platform. However, the MFP of 
SCA and MSA dropped in foam tests. Noted that MFP was already 
elevated in ataxia patients and was, on average higher than that of 
the healthy controls in the initial stance task (SOT1). b After strati-
fication of fall occurrence, MSA patients with worse postural stabil-
ity (more fall occurrence) had higher MFP at the initial stance task. 
Also, they had a more severe drop with the increase of test difficul-

ties. Frequency shift was suspected in a minority of MSA-C patients 
who did not experience any falls, in whom a slight upward trend in 
MFPs was present. c In the SCA group, there was an increase of 
MFPs in SOT 2 tests in patients with better postural stability (fall≤1). 
SCA patients with worse postural stability (fall≥2) seem to present 
with stable MFP levels during the tests, indicating no frequency shift. 
SOT: sensory organization test, MSA-C: multiple system atrophy-
cerebellar type, SCA: spinocerebellar ataxia, HC: healthy controls. 
FALL_TOTAL indicates the total times of fall occurrence of the sub-
jects during four-step SOT tests, ranging from 0 to 3 times
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SOT2 test. This can be observed in Fig. 2b for the MSA-C 
group and Fig. 2c for the SCA group. The increase in MFP 
was diminished in frequent fallers, although their trajectory 
differed significantly between the two ataxia groups. In the 
SCA group, frequent fallers exhibited almost fixed MFP 
levels throughout the serial stance tasks (Fig. 2c). Frequent 
fallers with MSA-C showed a cascading trajectory of declin-
ing MFPs, characterized by higher initial MFPs and lower 
final MFPs (Fig. 2b).

Fall occurrence was accompanied by a null 
or reversed frequency shift

Falls are widely recognized as a reliable indicator of postural 
instability, and the relationship between fall occurrence and 
postural sway power is well established in research. This 
study observed a strong association between fall occurrence 
and postural sway power across all frequency bands in both 
groups with ataxia (Table 3). Specifically, fall occurrence 
showed the closest correlation with low-frequency postural 
sways in both SCA (r=0.783) and MSA (r=0.690) groups 
(Table 5). Given that the hip strategy is known to be faster 
and more efficient in postural adjustment, the predominance 

of the hip strategy may be lacking in patients with a higher 
occurrence of falls.

Indeed, in MSA-C patients, there was a positive correla-
tion between total sway and LFP and a negative correlation 
between total sway and MFP, suggesting a reversed fre-
quency shift. These correlations became even stronger in the 
subgroup of frequent fallers (Table 4). Fall occurrence was 
directly associated with MFPs in MSA-C (r=−0.352, P<0.05, 
Table 5). Also, the GAMM analysis revealed a declining trend 
in MFPs across the tests for the majority of MSA-C patients, 
as depicted in Fig. 2b. This disproportionate dependence on 
the ankle strategy can be seen as invalid and inefficient in the 
context of postural adjustment. These findings established a 
relationship between decreased MFPs, the predominance of 
ankle strategy, and postural instability in MSA.

Somewhat unexpectedly, in the SCA group, frequent 
fallers consistently demonstrated stagnant levels of MFPs 
across the serial stance tasks. This suggested the absence of 
frequency shift and the presence of a rigid postural strategy 
(Fig. 2c). Accordingly, no correlations were found between 
total sway power and any sway proportions before or after 
the stratification of falls (Table 4). In SCA there was no cor-
relation between fall occurrence and sway proportions either. 
(Table 5).

Consistent with these findings, no coupling was observed 
between higher frequency sways (MFV and HFV) in any 
ataxia group. Instead, in SCA there was a significant cou-
pling between low-frequency and medium-frequency sway 
(r=0.711, p<0.05). Conversely, in MSA-C, the strongest 
coupling was observed between low-frequency and high-
frequency sway (r=0.591, p<0.05), as indicated in Table 3.

Tremor, frequency shift, and postural instability

In the SCA group, the correlation between tremor and pos-
tural sway contents was neglectable (Table 4). With the pres-
ence of tremor, no frequency shift was observed, as there 
was no correlation between total sway and any postural sway 
contents in tremor sub-groups (Table 4). Among those with-
out tremors, negative correlations were found between total 
sway with MFP (r=−0.19, p>0.05) and HFP (r=−0.32, 
p≤0.05) (Table 4). These correlations provide supporting 
evidence for an inherent deficit in physiological high-fre-
quency sway in SCA.

Postural performance of MSA-C patients exhibited a cor-
relation with tremors, similar to its associations with falls. 
Generally, tremor may serve as another indicator of postural 
instability in MSA-C, as it demonstrated a significant cor-
relation with sway power across all frequency ranges. The 
robust association between tremor and high-frequency sway 
power, as indicated by the correlation coefficients of r=0.532 
(p<0.05) for HFV and r=0.545 (p<0.05) for HFP, underscores 
the overriding influence of the abnormal 3-Hz tremor over 

Table 3  Associations between postural sway components (energy val-
ues) and between their distributions (energy value proportions)

A strong correlation was observed between MFV and HFV among 
healthy controls and between LFV and MFV among individuals 
with spinocerebellar ataxia. In MSA-C, the associations between 
sway power were comparable, with the highest correlation coef-
ficient found between LFV and HFV. Negative correlations were 
found between LFP with MFP and/or HFP in both normal adults and 
patients. The interaction patterns between sway proportions suggest 
that the ankle strategy (approximated by lower frequency proportions, 
such as LFP in this study) and hip strategy (roughly represented by 
higher frequency proportions, such as MFP and HFP in this study) 
may exhibit either a competitive or complementary relationship with 
each other. With the increase of MFV, MFP increased significantly 
only in healthy controls. HFP increased with HFV in SCA and MSA. 
LFV, low-frequency value; MFV, medium frequency value; HFV, 
high-frequency value; LFP, low-frequency proportion; MFP, medium 
frequency proportion; HFP, high-frequency proportion. *indicates a 
correlation significant at the p≤0.05 level of confidence

Groups Healthy controls Spinocer-
ebellar 
ataxia

Multiple 
system 
atrophy

Energy value (propor-
tion)

LFV vs. MFV 0.597* 0.711* 0.518*
LFV vs HFV 0.546* 0.221* 0.591*
MFV vs HFV 0.778* 0.421* 0.504*
LFP vs. MFP −0.999* −0.954* −0.796*
LFP vs HFP −0.434* −0.324* −0.524*
MFP vs. HFP 0.433* 0.051 −0.061
LFV vs LFP −0.119 0.267* 0.349*
MFV vs. MFP 0.670* 0.091 0.086
HFV vs HFP 0.487* 0.564* 0.614*



607Neurological Sciences (2024) 45:601–612 

1 3

the expected physiological sway (Table 5). Despite the sub-
stantial increase in HFV, the negative correlation coefficient 
between total sway and MFPs exhibited a more significant 
growth, while the positive correlations between total sway and 
HFPs unexpectedly attenuated with the increasing occurrence 
of tremors (Table 4). These findings provided strong evidence 
that the 3-Hz tremor observed differed significantly from the 
physiological tremor (occurring at approximately 8 Hz) typi-
cally associated with the soleus muscles, which play a crucial 
role in stabilizing static posture.

Not surprisingly, coupling between higher frequency 
sway was disrupted, and a clear and distinct frequency shift 
to the lower band was observed in patients with tremors. 
Correlation analysis of MSA-C provided convincing evi-
dence of ankle strategy predominance (Table 3). Similar to 
the postural performance of subjects with falls, MSA-C sub-
jects with a higher occurrence of tremors also demonstrated 
higher initial MFPs levels, followed by a more significant 
decline in subsequent tests (Fig. 3).

Discussion

The term “frequency shift” has been frequently refer-
enced in prior research. However, the concepts of fre-
quency shift have yet to be well defined. Besides that, the 

connections among postural sway distribution, frequency 
shift, and postural instability could have been more linear 
and straightforward. The introduction of falls (indicative 
of postural dysfunction) and a 3-Hz tremor have added 
complexity to this intricate puzzle. One significant con-
tribution of this study is that we have elucidated the con-
cept of frequency shift and established its correlation with 
postural stability, a linkage established primarily through 
observations from a normal stance. Generally, frequency 
shift refers to the alteration in the composition of postural 
sway content. This shift involves increasing the contribu-
tion of higher-frequency sway components and a simulta-
neous decrease in lower-frequency sway components. This 
pattern signifies that the body is rapidly and effectively 
adapting its posture. Notably, this phenomenon aligns 
closely with the concept of hip strategy predominance. 
This strategy entails the body’s prioritized use of hip 
movements to counterbalance and stabilize itself swiftly.

On the other hand, the absence of the frequency shift, 
characterized by an unchanged proportion of sway compo-
nents (like SCA) or a shift towards the lower frequency band 
(with an increased ratio of lower-frequency components, like 
MSA-C), both indicate an unsuccessful frequency shift. To 
describe these phenomena, we’ve termed them the “null 
shift” and the “inverse shift,” respectively. With fall occur-
rence as a landmark for postural instability, and by referring 

Table 4  Frequency shift 
illustrated by correlations 
between postural sway 
distributions (energy 
proportions) and total sways 
(total energy value)

To assess the frequency shift, a repeated measure correlation analysis was performed between the pos-
tural sway distributions (expressed as energy value proportions) and the total sway power (expressed as 
the overall energy value) before and after stratification based on fall and tremor occurrence. Generally, the 
relationships between total sway and higher frequency sway proportions were negative in the MSA group 
and insignificant in SCA. In detail, among faller sub-groups of MSA patients, there were negative relation-
ships between MFP and total energy values, indicative of ankle strategy predominance. Frequency shift and 
use of hip strategy were suspected in only a minority of MSA-C patients who did not experience fall when 
total sway was moderately related to HFP. Relationships between MFP and HFP with total energy value 
were negative or insignificant in SCA, indicating impaired hip strategy. §Stratification was performed sepa-
rately based on the occurrence of falls and tremors. LFP/MFP/HFP: low/medium/high-frequency energy 
value proportion. * indicates a correlation significant at the p≤0.05 level of confidence.# No results could be 
obtained due to too few patients

Groups/frequency proportions Spinocerebellar ataxia Multiple system atrophy

Stratification§ LFP MFP HFP LFP MFP HFP

Before stratification 0.16 −0.16 0.04 0.23* −0.42* 0.24*

total falls=0 −0.01 −0.06 0.26 −0.32 0.17 0.39*

total falls=1 0.20 −0.18 −0.13 0.16 −0.32* 0.19
total falls=2 −0.23 0.06 0.50 0.35* −0.65* 0.18
total falls≥2 −0.22 0.07 0.49 0.37* −0.63* 0.11
total falls=3 -# -# -# 0.55* −0.63* −0.10
All fallers 0.17 −0.16 −0.09 0.27* −0.48* 0.23*

total tremor=0 0.22* −0.19 −0.32* 0.08 −0.12 0.23
total tremor=1 −0.19 −0.012 0.38 0.21 −0.38* 0.42*

total tremor=2 -# -# -# 0.17 −0.40* 0.21*

total tremor≥2 0.00 0.00 −0.01 0.19* −0.44* 0.15
total tremor≥3 0.01 −0.03 −0.02 0.39 −0.56* −0.04
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to the characteristic postural adjustment patterns of normal 
stance, we could unravel the complex cause-effect relation-
ships between sway components, frequency shift, and pos-
tural stability. We identified MFP as an effective and easily 
measurable marker to trace frequency shifts and to evaluate 
postural strategy during serial stance tasks. We discovered 
a subtle and elusive deficit in high-frequency physiological 
sway in both SCA and MSA-C patients. This deficit was 
likely attributable to the cerebellar vermis atrophy, which 
led to a reduced loop gain and increased dependence on a 
firm surface for proprioceptive input. Consequently, there 
was a limited (SCA) or diminished (MSA-C) increase in 
MFPs among patients with ataxia. Additionally, the lack of 
high-frequency sway (SCA), together with the presence of a 
3-Hz tremor (MSA-C), disrupts the coordination of higher-
frequency sway and resulted in a null (SCA) or reversed 
(MSA-C) frequency shift.

MFPs, frequency shift, and hip strategy

MFP increase is easy to obtain and evaluate from static pos-
turography data, plus it seldom gets influenced by patho-
logical tremor (which usually has a frequency of above 2 
Hz). So, we choose it as a surrogate measure for assessing 
frequency shift and postural stability. This study revealed 
a distinctly escalating pattern of MFPs in a normal stance. 
In contrast, individuals with compromised postural control 
displayed a constrained or diminished MFP elevation during 
demanding balancing tasks. These findings suggest that the 
elevation of MFPs can be a surrogate measure for assess-
ing frequency shift and postural stability. Even though, in 
this study we could not establish a logistic regression model 
to determine the contribution of MFP to posture stability. 
This is mainly because the relationship between MFPs and 
postural control was not linear or straightforward. Relying 
solely on MFPs from a single stance task to predict postural 
stability can be misleading due to the variability of MFPs 
across different stance tasks and disease entities.

For example,  we observed divergent interpretations 
regarding the significance of elevated MFPs in healthy 
adults, SCA and MSA-C patients. We noted a progressive 
increase in MFPs during demanding stance tasks in healthy 
adults. In individuals with impaired postural control (SCA 
and a minority of MSA-C with fair balance), the capacity for 
MFP elevation is limited. Still, higher MFPs indicated better 
postural performance, irrespective of the faller sub-groups 
or stance tasks considered. However, these patterns contra-
dicted the situation of most MSA-C patients, as the highest 
MFPs were observed in the easiest stance tasks within the 
subgroup of individuals with the highest frequency of falls. 
In the natural stance, where the ankle strategy predomi-
nates, proximal muscles such as the erector spinae, exter-
nal oblique, and gluteus medius activate to limit excessive 

Table 5  Influence of falls and tremor occurrence on postural sway 
and frequency shift

Both fall occurrence and tremor occurrence served as indicators of 
postural instability, as they were positively correlated with postural 
sway at every frequency. Fall occurrence showed the strongest asso-
ciation with low-frequency postural sways in both ataxia groups. 
Notably, in the MSA-C group, fall occurrence was accompanied by 
a reversed frequency shift, as evidenced by negative correlations with 
MFP and positive correlations with LFP. However, fall occurrence 
did not exhibit significant associations with postural sway propor-
tions in the SCA group. Furthermore, there was a mild association 
between the occurrence of tremors and HFP in the SCA group, while 
the association was strong in the MSA-C group. In the case of MSA-
C, tremor occurrence was negatively related to MFP, whereas there 
was no significant relationship between tremor occurrence and MFP 
in SCA. These findings suggest a reversed frequency shift by the 
tremor in MSA-C groups. * indicates a correlation that is statistically 
significant at the p≤0.05 level of confidence

Groups Spinocerebellar 
ataxia

Multiple system 
atrophy

Postural sway components 
and distributions

Fall Tremor Fall Tremor

Low-frequency value 0.783* 0.210* 0.690* 0.565*
Medium-frequency value 0.674* 0.252* 0.509* 0.487*
High-frequency value 0.246* 0.192* 0.497* 0.532*
Total energy value 0.797* 0.247* 0.713* 0.616*
Low-frequency proportions 0.077 −0.185 0.177* −0.125
Medium-frequency propor-

tions
−0.068 0.120 −0.352* −0.228*

High-frequency proportions −0.012 0.221* 0.238* 0.545*

Fig. 3  Medium-frequency sway proportion changes in MSA-C 
patients after stratification by tremor occurrence. The influence 
of tremors on postural performance was similar to those of the 
fall occurrence in MSA-C. Note: SOT: sensory organization test, 
TREMOR: total tremor occurrence during four-step SOT tests, rang-
ing from 0 to 3 times. Patients with 2 or 3 tremor occurrences were 
pooled together for GAMM analysis
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motion in the hip joints, ensuring stability [37]. However, 
in cases of severe cerebellar vermis atrophy, as observed 
in the MSA-C group, these automated postural reflexes 
may also be impaired, leading to undesired hip oscillations. 
Consequently, an elevation in MFP occurred, which differed 
significantly from the intentional trunk sway observed dur-
ing attempts to restore balance and should be interpreted as 
a consequence of unstable hips or a misleading frequency 
shift rather than as an indication of the implementation of 
a hip strategy.

Isolated MFP elevation and incomplete hip strategy

The exact energy value of high-frequency physiological 
sway is relatively low and hard to capture from the posturog-
raphy system. This consideration was a significant factor in 
our decision not to use it as a replacement marker for fre-
quency shifts. However, the significance of high-frequency 
sway in postural control is not neglectable. High-frequency 
sway serves at least two crucial roles in balance control. 
Firstly, it establishes a robust foundation to facilitate the 
translation of overt sway energy from the hips to the ground, 
which is subsequently attenuated by ground shear force. 
This collaborative process harmonizes with hip oscillation 
to restore balance. Secondly, aberrant high-frequency sway, 
such as a 3-Hz postural leg tremor, significantly under-
mines this process, even inciting a reverse shaking sequence 
originating from the ankles, traveling through the hips, and 
culminating in head movement. This disruptive sequence 
entirely dismantles the classical postural adjustment patterns 
typically guided by the hip strategy.

Previously, body oscillations of medium frequency have 
been explained by an increased gain of posturally stabi-
lizing (long loop) reflexes that involve cerebellar control 
[40]. It is well known that cerebellar ataxia patients cannot 
scale the size of their postural responses to perturbations, 
as they tend to over-respond [41–43]. In SCA patients, 
the disrupted cerebellar circuitry, including the loss of 
Purkinje cells and dysfunction in the cerebellar output 
pathways, leads to uncoordinated and exaggerated muscle 
activity. This results in a sustained and uncontrolled shak-
ing of the trunk and legs, even in tasks that would typically 
use ankle strategy to maintain balance in healthy individu-
als. By reducing the amplitudes of long-latency stretch 
reflexes, cerebellar transcranial direct current stimulation 
(tDCS) has demonstrated efficacy in improving ataxia 
symptoms [44].

In this study, SCA patients exhibited a distinctive rigid 
postural strategy, evidenced by the lack of correlation 
between MFPs and total sway across all sub-groups. More-
over, there was no observed association between LFPs or 
MFPs and the occurrence of falls or tremors. The rigidity 
of MFPs was particularly pronounced in individuals with 

poorer postural control, as their MFPs remained unchanged 
during the four-step stance tasks. This limited adaptability 
in postural adjustments resonated with the characteristic 
“locking knees” commonly observed in SCA. While the 
rigid knee posture was previously considered a compen-
satory mechanism to minimize interactions between body 
segments and reduce excessive postural responses in SCA, 
it may also contribute to impaired postural control [45].

By investigating automatic postural responses, Torres-
Oviedo G et al. identified several muscle synergies that could 
satisfactorily simulate ankle and hip strategies [37]. Tight cou-
pling of lower leg muscle activities has also been revealed, 
providing evidence of muscle cooperation during stance 
[46]. As is well known, the hip strategy consists mainly of 
the activation of the trunk and thigh muscles, radiating in a 
proximal-to-distal fashion to other muscle groups. However, 
as delayed feedback of a closed loop control, these oscilla-
tions are a source of instability themselves. Since medium-fre-
quency postural sway consists mainly of oscillations around 
the hips, high-frequency physiological sway that contain 
stabilizing efforts of the knee and ankle joints is extremely 
important to facilitate the transmission of the excessive oscil-
lations downward, thus making them counteracted by the 
shear force from the ground.

However, increments of physiological high-frequency 
sway were negligible in SCA. In SCA patients without 3-Hz 
tremors, total sway was positively correlated with LFP and 
negatively correlated with HFP, indicating high-frequency 
physiological sway deficit and failure of frequency shift. 
High-frequency physiological sway during static stance is 
predominantly mediated by a short-latency reflex, which 
receives proprioceptive information from velocity-sensitive 
muscle spindle Ia afferents and regulates muscle stiffness. 
Cerebellectomy reduced the gain of the proprioceptive feed-
back loops and induced a drop in fusimotor tone [47]. With 
high-frequency sway, steady fixations of static posture are 
readily obtained  otherwise a conscious effort is continu-
ally needed. The findings of significant coupling of low and 
medium frequency sway in SCA depicted the adaptive pic-
ture involving enhanced visual and vestibular contributions.

3‑Hz tremor, decreased MFPs, and reversed 
frequency shift

Limited research has been performed on the association 
between 3 Hz tremor and postural instability. In a study car-
ried out by Diener HC et al, changes in 3-Hz tremor power 
were synchronous with alterations in total anterior-posterior 
body sway in individuals with alcohol use disorder [48]. 
In another study conducted by Sullivan et al. [49], a cor-
relation was found between 3-5Hz leg tremor and overall 
postural sway. Furthermore, the researchers also observed 
that vermian atrophy exhibited a correlation with the ratio 
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of higher frequency sway power (>2Hz) to lower frequency 
sway power (<2Hz). This study identified significant cor-
relations between 3-Hz tremor and sway power across all 
frequency ranges in MS-C patients, highlighting its potential 
as an indicator of postural instability. The strong correlation 
between 3-Hz tremor and high-frequency sway (HFV and 
HFP) underscores the inherent deviation from the antici-
pated patterns of physiological sway.

Ankle stability during stance relies on steady plantar 
flexor force and co-activation of antagonist muscles [50]. 
The soleus muscles are key stabilizers [6]. Fluctuations dur-
ing quiet standing correlate with 8–10 Hz EMG power in 
the medial gastrocnemius [6]. Pathological changes in the 
ankle muscles and ankle joints pose a risk to static posture 
[50]. Surface EMG recordings of ataxia patients revealed 
coherent 3-Hz rhythmic activities in bilateral tibialis anterior 
(TA) muscles and alternating firing patterns in the medial 
gastrocnemius (MG) muscles [4]. The pronounced effect of 
3-Hz tremor on ankle joints significantly hinders the execu-
tion of the ankle strategy and disrupts the transmission of 
torques and forces from the hips to the ground. In essence, 
both ankle and hip strategies are impaired in MSA-C.

In this study, the ankle strategy predominated in MSA-C 
patients, accompanied by a shift towards lower frequencies. 
The muscles crossing the ankle joint, particularly the TA 
muscle, provide crucial sensory information for maintain-
ing upright standing [51–53]. Rhythmic 3-Hz contraction of 
the muscles complicates proprioceptive input and distorts 
perceived sway boundaries when utilizing the ankle strat-
egy. Furthermore, the alternating oscillations between the 
TA and MG muscles dissociated ankle joint angles from the 
center of mass position changes. As a result, the negative 
correlation between total sway power and MFPs exhibited a 
stepwise increase in the presence of higher levels of tremor.

In pioneering research by Maruitz et al. [54], kinematics 
of segmental body movement was investigated in patients 
with cerebellar anterior lobe atrophy, revealing a 3-Hz rhyth-
mic anti-phase movement pattern between the head, trunk, 
and lower limbs. At a time when the concept of postural 
strategy was not yet developed, they astutely observed the 
remarkable similarity between the intersegmental postural 
response pattern and the characteristic posture exhibited 
by individuals with a narrowed base of stance, which was 
typical of "hip strategy". Interestingly, they also found that 
the 3-Hz tremor was induced by sudden perturbation of the 
body or vision deprivation, both of which also triggered hip 
strategy. Our study observed a significant decrease in MFPs 
among MSA patients. This decrease was further amplified in 
the presence of increased tremor activity. This process could 
also be taken as some kind of "frequency shift".

 On the other hand, according to Mauritzs et al. [54], 
the 3-Hz tremor represented delayed and enhanced long-
loop reflex, and the tremor frequency increased with disease 

severity. In line with their findings, we also observed lower 
frequency rhythmic tremor (2.4–2.8 Hz) in patients with 
degenerative ataxia of intermediate severity, falling between 
the severity of MSA and SCA [4]. This suggests a gradation 
of tremor frequency corresponding to the varying levels of 
disease severity. More interestingly, the characteristic hip 
oscillations of mild to moderated SCA (1.2–2.4 Hz) have 
also been associated with the exact central mechanisms [3]. 
Taken together, the observed postural oscillations, includ-
ing excess hip oscillations in mild-moderate SCA patients, 
lower frequency rhythmic tremor (2.4–2.8Hz) in severe SCA 
patients, and the typical 3-Hz tremor in MSA-C patients, 
form a continuum of postural responses attributed to delayed 
but enhanced long loop reflex in degenerative ataxia. It 
would perfectly explain the stepwise deficit of MFPs in the 
presence of tremors in MSA-C patients. In other words, 
MSA-C patients use ankle-generated torques and distal-to-
proximal muscle activation for postural correction, which 
was invalid and inefficient. The 3-Hz tremor presented in 
MSA was intrinsically the presence of a pathological hip 
strategy.

Limitations

This study has several limitations. In the study, only anterior-
posterior (AP) COP sway was analyzed for several reasons. 
First, ankle and hip strategies are postural responses primar-
ily identified in the AP direction. Secondly, ataxia patients 
present more pitch than roll instability [3, 31, 40]. Also, 
AP stability is an essential predictor of falls among ataxia 
patients [2]. Finally, the 3 Hz leg tremor is AP postural sway 
that originates from rhythmic and alternating oscillations of 
the tibialis anterior and medial gastrocnemius muscles [4, 5].

In the posturography exam, the cut-off value for low, 
medium, and high-frequency bandwidth is not unanimous 
across force platforms and studies. In the SPS exam, the 
low-frequency band is below 0.5 Hz, and the high-frequency 
band is over 2 Hz. Such a frequency spectra designation 
differed from the standard proposed by Kapteyn et al. [55]. 
Still, it was supported by recent studies [37] and the nega-
tive correlations between LFP with MFP/HFP in the survey.

Conclusions

In this study, we characterized postural sway patterns of 
normal stance. We identified MFPs as an effective and eas-
ily measurable marker to trace frequency shift and strat-
egy predominance. In SCA, the rigid postural strategy 
was accounted for by the relative lack of high-frequency 
physiological sway, which would typically be enhanced by 
short-loop reflex gain instead of relying on proprioceptive 
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input. In the MSA-C group, medium frequency sway that 
initiate a hip strategy to restore balance was replaced by a 
3-Hz tremor, which adjusts the posture in a pathologically 
distal to the proximal sequence. It is important to note that 
these interpretations are speculative and would require fur-
ther investigation and evidence to confirm. However, they 
establish a framework for understanding the different pos-
tural performances of SCA and MSA-C.
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