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ARTICLE INFO ABSTRACT

Keywords: Objective: To determine the utility of tremor electrophysiology testing in differentiating clinically indeterminate
Electrophysiology tremor due to organic, functional, and mixed tremor types.

FL_‘HCIiOT_‘a} tremor Background: Prior studies have shown that electrophysiological studies increase diagnostic sensitivity of tremor
Dm‘?““"“” syndromes; however, few have examined mixed organic and functional tremors.

Entrainment

Methods: Patients referred for tremor to the Mayo Clinic, Rochester movement disorders lab were consecutively
selected and retrospectively reviewed. Surface electromyography (EMG) recordings of upper limb muscles were
performed at rest, posture, with action and distractibility tasks.

Results: Of 116 patients, all were clinically described as having either a resting tremor, postural tremor, action
tremor, postural and action tremor, mixed resting, postural, and action tremor, or nonspecific tremulousness.
Based on electrophysiological features, patients were diagnosed with organic tremor (parkinsonian, essential,
mixed, rubral, cerebellar, non-specific tremulousness), functional tremor, or mixed functional and organic
tremors. The median disease duration at electrophysiological confirmation of diagnosis was shorter for functional
tremor at 1.5 years (IQR 1-9.3), and organic tremor at 3 years (IQR 1-15), versus mixed organic and functional
tremor at 11 years (IQR 2-15) (p = 0.0422). The electrophysiology study clarified the referral/clinical diagnosis
in 87 patients (75%), 26 (29.5%) of whom had functional tremor, and 61 (70.1%) had organic tremor or mixed
organic/functional tremor. Variability of tremor during electrophysiology testing was associated with a change
in diagnosis (p = 0.0286).

Conclusion: Our findings show that electrophysiological assessment of tremor can be helpful in the clinical
diagnosis of patients with both organic and functional tremor.

1. Introduction

Tremor is a characterized by a rhythmic involuntary oscillation
along a fixed point [1]. While various clinical features can aid in the
classification of different tremor types, bedside examination can be
unreliable and carries inherent limitations. Commonly encountered
diagnostic challenges include difficulty distinguishing multiple tremor
types in the same individual and difficulty distinguishing organic versus
functional tremor disorder. However, even in patients with a single
tremor disorders such as essential tremor, clinical misdiagnosis rates are
estimated around 37%, as these patients are sometimes later diagnosed
with Parkinson’s disease, or mixed Parkinson’s disease and essential
tremor [2].

In patients with functional tremor, early recognition and manage-
ment are critical to guide appropriate management strategies and avoid
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excessive testing or unnecessary medications [3].

Electrophysiological testing can be helpful in objectively analyzing
selected tremor disorders [3,4].

Prior studies have validated laboratory supported criteria for diag-
nosis of functional tremor, which emphasize entrainment, distracti-
bility, co-contraction pattern, amplitude increase with loading, and
variability of tremor frequency during contralateral finger tapping, with
high sensitivity and specificity (89.5% and 95.9% respectively) [5,6].
Studies have also shown how tremor frequencies produced by one or
multiple oscillators are fixed, and can be differentiated by comparing
frequencies of oscillations in different limbs with coherence analysis
[3,7]. However, few studies have demonstrated clinical utility of elec-
trophysiology in clinically indeterminate tremor disorders, and how this
data can aid accurate and prompt tremor-specific diagnosis, especially
amongst patients with mixed tremor disorders.
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We sought to describe the clinical and electrophysiological features
of tremor in a large consecutively selected retrospective cohort of pa-
tients and determine how electrophysiological features aid in diagnosis
and management of different tremor disorders.

2. Methods
2.1. Study design

This study was approved by the Mayo Clinic Institutional Review
Board before the patients were selected for analysis. All included pa-
tients had previously signed a general informed consent form allowing
their medical records to be used for research purposes. 116 consecu-
tively sampled patients with clinically indeterminate tremor who were
referred to the Mayo Clinic, Rochester, MN movement disorders lab for
electrophysiological testing of upper limb tremor in 2018 were retro-
spectively reviewed. Indeterminate tremor was defined as: 1) tremor
noted on clinical exam that did not meet clinical criteria for any clearly
defined syndrome, 2) if there was concern for an underlying functional
tremor, or 3) two clinically distinct tremor types on examination con-
cerning for multiple tremor diagnoses. In patients who were referred for
testing, the referral diagnosis code listed in the test order was obtained
and considered the “referral diagnosis”. All patients underwent tremor
electrophysiology studies within 3 months of the neurologic consulta-
tion. Tremors were categorized based on clinical phenotype and elec-
trophysiological features based on established criteria, and the criteria
for tremor diagnosis used in the Movement Disorders Laboratory at
Mayo Clinic Rochester are listed as Supplementary Material [3,7]. Other
variables such as demographics, time to diagnosis, and family history
were collected. Imaging was reviewed in all patients on whom it was
obtained.

2.2. Tremor electrophysiology testing

A standardized tremor protocol was performed, and electrophysi-
ology data was obtained via surface electromyography (EMG) electrodes
placed on biceps, wrist extensors, wrist flexors, and first dorsal inter-
osseous muscles bilaterally. Tremor was assessed in various positions;
rest, cognitive distraction, posture (arms outstretched, and hands held
near the face), and action such as finger-nose-finger or holding a cup.
Time-frequency analysis was performed to determine the tremor fre-
quency and variation over time. Variability was defined as a change in
the frequency of tremor during the recording by more than 2 Hz; this
threshold was selected as tremor frequencies less than 2 Hz were
considered fixed and within expectation for organic tremor caused by a
central nervous system oscillator [7]. Patients were asked to tap their
fingers with the contralateral limb at different fixed frequencies with a
metronome to assess for distraction or entrainment. Weight loading and
response to ballistic movements were not consistently performed in all
patients and not included for analysis. Final diagnoses were obtained
from the electrophysiology report by the movement disorder neurologist
which were made based on published diagnostic criteria in regards to
functional versus organic tremor [1,3,6]. Essential tremor, parkinsonian
tremor, rubral tremor, enhanced physiologic tremor, and intention
tremor were diagnosed based on a combination of clinical phenotype
and electrophysiologic characteristics including frequency, amplitude
change with posture, component, and coherence (FA, AH, JHB, BTK,
JYM, EAC) (see Supplementary material) [1,3,6].

2.3. Statistical analysis

JMP statistical software was used to perform statistical analyses,
with statistical significance set at p < 0.05. Categorical data was
analyzed using y? testing; continuous variables analyzed using the Stu-
dent’s t-test.
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3. Results
3.1. Demographics

Over the last 15 years, on average 3% (n = 1752) of patients seen at
Mayo Clinic, Rochester, MN Neurology clinic for tremor were referred
for movement electrophysiology testing. Patients are often referred for
electrophysiological assessment if tremor type is not definitively clear
on clinical exam, more than one tremor type exists, or in some cases of
suspected functional tremor. Of the 116 patients consecutively sampled
who were referred to the laboratory for tremor assessment, 54% were
females (n = 63). The median age of onset was 44 (interquartile range
31-57). Out of all the patients with tremor, anxiety was diagnosed in
29% (n = 34), and depression was present in 41%, (n = 48). Twenty-one
patients (18%) in the group were referred for a movement study as part
of a pre-operative evaluation for Deep Brain Stimulation (DBS) to
confirm tremor type. A family history of essential tremor was present in
21% (n = 24) and Parkinson Disease was present in 9% (n = 10).

3.2. Clinical features

All 116 patients’ tremor phenotypes were classified based on the
initial clinical impression of the evaluating neurologist as follows:
resting tremor 11% (n = 13), postural tremor 9% (n = 10), action tremor
3% (n = 4), postural/action tremor 41% (n = 48), mixed resting and
postural/action tremor 29% (n = 34), non-specific tremulousness 6% (n
=7).

Both anxiety and depression were more likely to be present in pa-
tients with functional tremor (50%, n = 13 and 65%, n = 17) as
compared to patients with organic tremor (23%, n = 19, and 33%, n =
28) (p = 0.0068 and p = 0.0027 respectively). Patients with mixed
functional and organic tremors had no significant difference in history of
anxiety or depression (29%, n = 2) as compared to those with organic
tremor (43%, n = 3) (p = 0.977 and p = 0.881). Median time duration
between symptom onset and diagnosis was the longest for mixed func-
tional and organic tremor being 11 years, (IQR 2-15), as compared to
1.5 years (IQR 1.-9.3) for functional tremor and 3 years (IQR 1-15) for
organic tremor (p = 0.042). See Table 1 for further information.

3.3. Tremor diagnosis

Final electrophysiological diagnoses were as follows: parkinsonian
tremor (n = 16), essential tremor (n = 23), mixed parkinsonian and
essential tremor (n = 9), functional tremor (n = 26), non-specific
tremulousness (n = 7), rubral tremor (n = 2), postural tremor (n = 1),
mixed parkinsonian tremor and functional tremor (n = 1), mixed
functional tremor and essential tremor (n = 6), cerebellar tremor (n =
10), enhanced physiologic tremor (n = 11), and no tremor was detected
in some (n = 4).

Patients who were ultimately diagnosed with parkinsonian tremor
had minimal features of parkinsonism such as bradykinesia, rigidity, or

Table 1
Patient demographics and clinical characteristics.

Organic Functional Mixed functional/
tremor (79/ tremor (26/116) organic tremor (7/116)
116)

Gender (male) 43 (54) 7 (27) 4 (57)

Age of onset (y) 46 (31-59) 37 (31-48) 40 (20-56)

Duration of 3(1-15) 1.5 (1-9) 11 (2-15)

symptoms (y)

Anxiety 19 (24) 13 (50) 2(29)

Depression 28 (35) 17 (65) 3(43)

MRI completed 41 (51) 10 (38) 4 (57)

Categorical variables are shown as number (percentage, or interquartile range).
Four patients had no tremor on testing and were not included.
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postural instability based on clinical examination making the clinical
diagnosis alone less uncertain thus likely prompting the referral for
testing [10]. Of the patients who were diagnosed with essential tremor,
one patient also had ataxia; and three patients had a resting tremor
component on examination; none of the other patients met criteria for
essential tremor plus syndrome [1].

Of the 116 patients who underwent tremor electrophysiology testing,
the final electrophysiologic report was considered to add diagnostic
value to the referral diagnosis in 75% (n = 87), which was defined as: 1)
if a second previously unidentified tremor etiology was revealed by
electrophysiology testing (18%, n = 16), 2) if a change in the previously
suspected clinical diagnosis was made as a result of testing (10%, n = 9),
or 3) if the final diagnosis based on electrophysiology was more specific
than the referral impression (72%, n = 62). Of note, the referral diag-
nosis code for patients in group 3 was “tremor not otherwise specified”,
thus the degree of clinical suspicion of functional or organic tremor prior
to referral was less certain. The final diagnosis was made at a follow-up
visit after testing was complete and took into consideration all prior
imaging and medication challenges prior to determining the diagnosis.
The clinician referral diagnosis and electrophysiology diagnosis
matched in 25% of cases (n = 29). Based on the above, the final elec-
trophysiological testing was considered to add diagnostic value in the
assessment of 26% of essential tremor patients (n = 7), 69% in parkin-
sonian tremor patients (n = 11), and 88% of functional tremor patients
(n = 23), and all patients with mixed tremor syndromes, non-specific
tremulousness, rubral, cerebellar, and enhanced physiologic tremors.

Of the patients where a change in diagnosis was made based on
electrophysiological testing, one was referred for orthostatic tremor and
found to have parkinsonian tremor (low frequency subclinical resting
tremor of both legs with no evidence of orthostatic tremor observed on
electrophysiology), two were referred for non-specific tremulousness
and found to have functional tremor, one thought to have orthostatic
tremor was found to have functional tremor, and one with postural
tremor not otherwise specified was found to have functional tremor. One
patient referred for a suspected parkinsonian tremor without any addi-
tional features of parkinsonism on examination was diagnosed with
nonspecific tremulousness. One patient was referred for essential tremor
and found to have cerebellar tremor. Another patient was referred for
non-specific tremulousness and found to have enhanced physiologic
tremor. One patient was referred for parkinsonian tremor and diagnosed
with essential tremor on electrophysiology. This patient had an outside
diagnosis of Parkinson disease and resting tremor on exam without other
features of parkinsonism and was ultimately thought to have a pre-
dominant postural/kinetic tremor upon clinical examination.

Sixteen patients underwent [123I] N-o-fluoropropyl-2f-carbome-
thoxy-3p-(4-iodophenyl) nortropane (}2I-FP-CIT SPECT, or DAT) im-
aging within the 3 months of their work up with a movement laboratory
study; 8 of which were abnormal. Out of the patients DAT scans, 41% (n
= 7) were found to change management. This was determined if a pa-
tient’s subsequent medication or surgical management was changed
because of the imaging, and was also considered after electrophysiology
testing when determining the final diagnosis. For example, if a patient
was found to have a mixed organic postural kinetic tremor and resting
tremor that could not be differentiated from long-standing essential
tremor or essential tremor with a parkinsonian tremor, then a subse-
quent DAT scan was found to be helpful as this could clarify whether or
that there was an underlying parkinsonian component to the tremor.

3.4. Electrophysiology features

Frequency of tremor was recorded in 0.1 Hz (Hz) increments and
assigned to categorical groups of 3 Hz increments, for example 1-3 Hz,
4-6 Hz and so on up to a maximum of 13 Hz. Tremor was defined as
being variable and hence less likely to be organic, if the frequency varied
more than 2 Hz in range [7]. Table 2 summarizes the predominant
tremor frequencies in each tremor type. Example surface
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Table 2
Frequencies of different tremor types.
1-3Hz 4-6 Hz 7-10 11-13 Variable
Hz Hz Hz
Cerebellar (10) 4 (40%) 6 (60%)
Parkinsonian (16) 16
(100%)
Essential (23) 17 6
(73%) (26%)
Functional (26) 6 (23%) 3 17 (65%)
(12%)
Non-specific 7 (100%)
tremulousness (7)
Enhanced physiologic 2 (18%) 5 4 (36%)
(11) (45%)
Rubral tremor (2) 2
(100%)

Categorical variables are shown as number (percentage).

electromyography and time frequency graphs of common tremor types
are illustrated in Figs. 1 and 2.

Contralateral motor distration maneuvers were performed in 85% of
patients. This is done by contralateral finger tapping at 2, 2.5 and 3 Hz.
Accuracy of timed tapping was considered adequate in 85% of the pa-
tients who performed tapping.

Tremor frequency was fixed in 93% of those with parkinsonian
tremor (n = 15), 100% essential tremor (n = 23), 8% functional tremor
(n = 2), 100% cerebellar tremor (n = 10), and 100% enhanced physi-
ologic tremor (n = 11). Tremor was distractible with contralateral finger
tapping in 88% with functional tremor (n = 21), 50% rubral tremor (n =
1), and in 50% with mixed essential tremor/functional tremor (n = 3).
Three patients diagnosed with functional tremor or mixed essential
tremor and functional tremor demonstrated entrainment. Variation
during tapping tasks was noted in functional tremors (n = 13, 54%),
mixed essential tremor and parkinsonian tremor (n = 1, 11%), and
mixed essential tremor and functional tremor (n = 3, 50%).

Of the patients who had a change in diagnosis as a result of elec-
trophysiology testing, 66% (n = 6) had varability (p = 0.0286), 50% had
distractibilty (p = 0.097), and none had entrainment (p = 0.46) on
electrophysiology testing.

4. Discussion

Patients with tremor may have a variable presentation and clinical
phenomenology does not always match characteristic clinical de-
scriptions. Electrophysiological testing of tremor can be valuable in
distinguishing organic from functional tremor, or mixed tremor disor-
ders [3-4,7]. The objective information regarding frequencies and pat-
terns can sometimes facilitate early diagnosis, assess need for advanced
neuroimaging, and select a therapeutic direction to pursue. In our pa-
tient population, patients who had mixed tremor had a significantly
longer time to diagnosis (11 years) as compared to functional tremor
(1.5 years) and organic tremor (3 years). Tremor electrophysiology may
be especially useful in cases of mixed tremor where the phenotype is
more difficult to determine on clinical exam alone. Although DAT or
MRI imaging may still be needed in some cases, patients could be
selected more judiciously based on tremor electrophysiology data before
pursuing more costly neuroimaging. Electrophysiological assessment of
tremor is also a relatively simple, and well tolerated test making it pa-
tient friendly [3].

Tremor electrophysiology can advance our understanding of tremor
disorders by objectively capturing tremor characteristics and heteroge-
neity across organic and functional tremor syndromes. In this cohort,
distractibility and variability were noted in all functional or mixed
organic/functional tremors except for two patients. The first patient had
a history of traumatic brain injury and was diagnosed with organic
rubral tremor based on having regular rhythmic EMG burst activity of
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Forearm extensors.
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Forearm flexors

Right hand.

Fig. 1. Surface EMG of organic and functional tremor. A: Alternating rhythmic EMG bursts are recorded over the wrist extensor and flexor muscles. Rest or postural
tremor may have a similar electrophysiologic appearance and will be characterized by limb position during recording. B: Patient performs finger tapping at pre-set
frequencies with the left hand (LH). The tremor in the right hand (RH) becomes variable in frequency.
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Fig. 2. Time frequency analysis of organic tremor: Organic tremor will have a
fixed frequency that persists during contralateral finger tapping.

the arm muscles at 4z frequency, though did have distractibility with
finger tapping. This patient had significant dysexecutive function which
was thought to have contributed to functional overlay. The second pa-
tient was diagnosed with mixed parkinsonism and essential tremor but
was noted to have variable frequency of tremor during testing; however,
this was thought to be secondary to altered stance position and only
noted in the leg. Patients with an organic postural tremor may demon-
strate variability in tremor based on limb position that may account for
apparent distractibility noted in some cases of organic postural tremor
and should be interpreted carefully.

Electrophysiology testing guided the clinical diagnosis in 75% of
patients with organic, functional, and mixed tremor syndromes. Vari-
ability on electrophysiology testing was significantly associated with a
change in the referral diagnosis, suggesting that this characteristic is
especially important in tremor protocols. This demonstrates that elec-
trophysiology testing can play a vital role in determining the diagnosis
which may change medical and surgical management in patients with
tremor disorders. In patients with functional tremor, electrophysiolog-
ical data can also be helpful in facilitating patient counseling, and lead to
ultimate acceptance of the diagnosis and effectiveness of therapy [5-8].

In addition, most patients who underwent neuroimaging ultimately
were diagnosed based on electrophysiological testing and imaging did
not alter the treatment plan. However, presynaptic dopamine transport
imaging is indicated in patients when it is necessary to differentiate
tremor related to parkinsonism from other tremor syndromes [11].

Interestingly, we also found that in patients who had mixed func-
tional and organic tremor that there was not an increased risk of asso-
ciated anxiety and depression, suggesting that there may be less clinical
suspicion upon initial evaluation that these patients have a functional
component to the tremor.

Strengths of this study include the large tremor cohort and multiple
tremor types that were included in analysis. Previous studies have
described electrophysiological characteristics of the main tremor syn-
dromes; however few studies have described clinical utility of such
testing demonstrated by how frequently electrophysiologic testing can
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identify functional and mixed tremor syndromes which are missed in
clinic and could theoretically reduce diagnostic delay and the need for
more expensive diagnostic testing [3-4,7-9].

Limitations include the retrospective nature of the study. Data was
not collected on long-term outcomes and symptom evolution after initial
diagnosis given the tertiary referral nature and lack of sustained follow-
up among patients. The lack of long-term outcomes limits what we can
definitively say about the extent of the role of electrophysiology testing
in the diagnosis of tremor, which can be clarified in future prospective
studies. Also, the time from symptom onset to diagnosis in patients with
tremor syndromes likely varied as a consequence of referral bias at a
specialized movement disorders center. In addition, there may be a
tertiary referral bias towards more complex tremor patients which may
limit the generalizability of this study to all patients with tremor.
Although there are validated criteria for electrophysiologic diagnosis of
functional tremor, other forms of tremor have less objective diagnostic
criteria which have been validated and thus accuracy is less certain in
comparison to the gold standard of clinical diagnosis.

Future directions should include a larger prospective longitudinal
cohort to assess electrophysiological heterogeneity in tremor disorders
such as essential tremor plus, and dystonic tremor. In addition, future
studies could explore the diagnostic utility of tremor electrophysiology
in clinical practice, and development of potential electrophysiological
biomarkers such as tremor signatures in tremor disorders.
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