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Abstract Human physiological tremor is a complex
phenomenon that is modulated by numerous mechanical,
neurophysiological, and environmental conditions. Research-
ers investigating tremor have suggested that acute hypoxia
increases tremor amplitude. Based on the results of prior
studies, we hypothesized that human participants exposed
to a simulated altitude of 4,500 m would display an
increased tremor amplitude within the 6–12 Hz frequency
range. Postural and kinetic tremors were recorded with a

laser system in 23 healthy male participants before, during,
and after 1 h of altitude-induced hypoxia. A large panel of
tremor characteristics was used to investigate the eVect of
hypoxia. Acute hypoxia increased tremor frequency content
between 6 and 12 Hz during both postural and kinetic
tremor tasks (P < 0.05, F = 6.142, Eta2 = 0.24 and P < 0.05,
F = 3.767 Eta2 = 0.14, respectively). Although the physio-
logical mechanisms underlying the observed changes in
tremor are not completely elucidated yet, this study con-
Wrms that acute hypoxia increases tremor frequency in the
6–12 Hz range. Furthermore, this study indicates that
changes in physiological tremor can be detected at lower
hypoxemic levels than previously reported (blood satura-
tion in oxygen = 80.9%). The eVects of hypoxia mainly
result from a cascade of events starting with the activation
of the hypothalamic–pituitary–adrenal axis causing in turn
an increase in catecholamine release, leading to an augmen-
tation of tremor amplitude in the  6- to12-Hz interval
and heart rate increase.

Keywords Acute hypoxia · Postural tremor · 
Kinetic tremor · Human simulated altitude

Introduction

Physiological tremor present in all humans can be deWned
as an involuntary, irregular, and continuous movement of
the body’s extremities (Elble 1986). Three main mecha-
nisms are reported to be involved in physiological tremor
generation (Deuschl et al. 2001; McAuley and Marsden
2000). First, mechanical properties of the considered
segment tend to make it “vibrate” at its resonance fre-
quency, which is speciWcally determined by its mass and its
stiVness level. For example, the unloaded index Wnger has a
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resonance frequency between 25 and 27 Hz (Stiles and
Randall 1967). A second mechanism, the stretch or myo-
tatic reXex, works as a negative feedback loop. It involves
the reXex contraction of a muscle in response to stretching
of an attached tendon or of the muscle itself. When the
reXex gain and the conduction time for the aVerent and
eVerent pathways are appropriate, an oscillation occurs
(Stein et al. 1978). The loop time of this stretch reXex
mechanism is 50 ms at the level of the Wnger and leads to
tremor generation at a frequency of 10 Hz (Lippold 1970).
The third mechanism involves a rhythmical oscillation of
central origin inducing a synchronization of motor unit
Wring rates, at frequencies ranging between 8 and 12 Hz
(Elble 1986; Goodman and Kelso 1983; Llinas and Volkind
1973; Travis 1929). An argument often evoked to support
this central mechanism is that postural tremor is modiWed
but preserved in deaVerented patients who no longer have
functional feedback loops (Marsden et al. 1967). Although
this system has thus far proved too complex to understand
fully, it is generally accepted that both the central and
peripheral nervous systems contribute to the generation of
physiological tremor in proportions that vary according to
the environmental conditions and the health of the subject
(Elble 1986, 1996; Elble and Koller 1990; Vaillancourt and
Newell 2000).

Postural tremor is present during the maintenance of a
position against gravity (Deuschl et al. 1998). It can be
recorded with or without visual feedback and is sensitive to
a variety of environmental conditions and physiological
conditions. Postural tremor generation can be modulated by
factors acting on neural pathways such as caVeine, mer-
cury, alcohol, temperature, limb position, and exposure to
magnetic Welds (Beuter and Edwards 1998; Koller et al.
1987; Lakie et al. 1994a, 1994b; Legros et al. 2006;
Mazzocchio et al. 2008). For example, a study listed more
than 30 factors inXuencing tremor characteristics (Wachs
and Boshes 1966). These changes in tremor sometimes
aVect its amplitude (Edwards and Beuter 2000) and some-
times its frequency content (Beuter and Edwards 1999).
Tremor is also often a predominant symptom of speciWc
neurophysiological dysfunctions such as Parkinson’s dis-
ease (Beuter and Edwards 1999, 2002; Edwards and Beuter
2000) and other disorders (Britton and Gresty 1992; Britton
and Thompson 1995; Deuschl et al. 1998; Elble 1986). It
has been reported that when tremor becomes abnormal, the
observed changes are a reduction in frequency, an increase
in amplitude and amplitude Xuctuations, and a frequency
distribution more organized around dominant values
(Beuter et al. 2000). In other words tremor slows down,
becomes larger, and tends to Xuctuate in amplitude.

Kinetic tremor is deWned as involuntary oscillatory
movements occurring during voluntary movements of the
extremities performed with or without visual feedback

(Deuschl et al. 1998). Typically, kinetic tremor is recorded
in the index Wnger while the subject performs a compensa-
tory tracking task. This provides the opportunity of measur-
ing not only tremor during action but also to characterize
the performance both in time and space associated with the
task (Beuter and Edwards 2002). Kinetic tremor distur-
bances observed during a tracking task suggests the pres-
ence of a disturbance of the cerebellum or its pathways
(Hallett 1991).

Neurophysiological functions such as event-related
potentials, reaction time, psychomotor performances or
cognitive processes have been reported to be aVected
under exposure to high altitude (Virues-Ortega et al.
2004; Virues-Ortega et al. 2006). For example, Li et al.
(2000) investigated psychomotor performance and visual
reaction time after acute exposure to hypoxia of 1 h dura-
tion at altitudes of 300 m (control), 2,800, 3,600, and
4,400 m. The results showed no diVerences in perfor-
mance at 2,800 m, but tremor decreased signiWcantly at
3,600 and 4,400 m. Consequently, the literature suggests
that the critical altitude for changes in higher cognitive
functioning appears to lie between 4,000 and 5,000 m. It
has been shown that there is little variation at 3,800 m,
but a marked deterioration in cognitive ability occurs
at 5,000 m (Nelson 1982). The group of Bartholomew
(Bartholomew et al. 1999) showed that similar altitudes
(3,810–4,572 m) had detrimental eVects on sustained cog-
nitive performance such as short term memory. Pilots
were used as subjects in a hypobaric chamber with 30-min
hypoxic exposures, and it was found that performances in
tasks involving high memory loads were signiWcantly
decreased at 3,810 and 4,572 m. Pavlicek et al. (2005)
used a simulated altitude of 4,500 m, but did not Wnd any
signiWcant diVerences in word Xuency, word association,
or lateralized lexical decision performance. However,
subjects were exposed to hypoxia for only 30 min at each
of the following altitudes: 450, 1,500, 3,000 m and 450,
1,500, and 4,500 m in a hypobaric chamber. Van der Post
et al. (2002) conducted a randomized, single-blind, pla-
cebo-controlled three-period cross-over trial on three air
gas mixtures via mask breathing. There was a placebo
group with peripheral blood saturation in oxygen (SaO2)
>97%, and one with 90 and 80%. Hypoxia exposure was
130 min. It was found that at a SaO2 of 80%, most reac-
tion times were increased. At this low level of SaO2,
adverse events were also seen in the subjects, mainly
headache and mild drowsiness. In their review paper,
Virues-Ortega et al. (2004) found that at an extreme altitude
of 6,000 m, an impairment appears in codiWcation and
short-term memory, as evidenced by an increase in reac-
tion time and latency of P300 (event related potential).
However, at even lower altitudes, alterations in accuracy
and motor speed have been identiWed, as well as deWcits in
123
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verbal Xuency, language production, cognitive Xuency,
and metamemory.

Although literature on tremor and hypoxia is scarce, it
is admitted that hypoxia promotes cortical arousal through
the activation of chemoreceptors of the ascending reticu-
lar activating system (Bonvallet et al. 1959; Hugelin et al.
1959). One might therefore expect, given physiological
tremor’s responsiveness to neurologic changes, that
tremor would be altered under hypoxic conditions.
Indeed, some early studies have found that tremor wors-
ens when the subject becomes hypoxic (Scow et al. 1950)
but their analyses were not as sophisticated as those found
in current tremor literature. Only one recent study has
been published on the subject (Krause et al. 2000). This
group explored the relationship between hypoxia, hypo-
capnia, and the 8–12 Hz component of physiological
tremor recorded via accelerometry at the index Wnger.
Subjects were instructed to hold onto a bar with their
index Wnger extended against the resistance of a tension
transducer (pulling downwards) while breathing various
combinations of O2, CO2, and N2 through a mask. FETO2

and FETCO2 (Fractional End Tidal concentrations in oxy-
gen and carbon dioxide, respectively, i.e. fractional con-
centration in oxygen and carbon dioxide in the air
released at the end of the expiration) were measured to
infer the arterial concentrations of O2 and CO2 in each
subject. Power spectral analysis revealed that hypoxia
ampliWed the 8- to 12-Hz component of physiological
tremor while hypocapnia further augmented the eVect in
about half the subjects.

The main aim of this study was to investigate if pos-
tural tremor recorded in the unloaded Wnger responded
as reported by Krause et al. to an acute hypoxic stress
and to complement postural tremor with tremor occur-
ring during a voluntary movement (kinetic tremor). The
present study diVers in several ways from the work of
Krause et al. (2000). First, in this study a minor charge is
used on the Wnger during tremor recording (less than
2 g) as opposed to the 50 g upward tension used in their
study. Second, we not only recorded postural tremor but
also kinetic tremor during a compensatory tracking task
in 23 males (and analyzed a large panel of tremor char-
acteristics at diVerent frequencies) while Krause et al.
recorded postural tremor in only 12 males. Third, we
measured SaO2 but not CO2 while they recorded FET O2

and FET CO2 and estimated the corresponding partial
pressures. Finally, we measured tremor during and also
after the hypoxic stress which allowed a follow-up of the
eVect over time. These diVerences provide a more com-
prehensive basis of knowledge on the impact of acute
hypoxia on physiological tremor and may lead to
slightly diVerent results which will complement and
reinforce the current literature.

Methods

Apparatus

Altitude stress was induced using two digitally controlled,
high-performance air units (operated in parallel) that were
developed for simulating high-altitude athletic training
(CAT-430, Colorado Altitude Training, Louisville, CO,
USA). The air units simulated altitude inside a transparent
tent where the subjects were positioned during testing. The
tent was equipped with a vestibule, acting as an “airlock”
allowing entry and ingress without substantially aVecting
the atmospheric environment inside the tent. The simulated
altitude was set to 4,500 m (normobaric condition with a
14.8% O2 gas mixture) corresponding to an inspired partial
pressure of oxygen of about 10.8 kPa (81 mmHg). This cor-
responds to the altitude at which cognitive impairments
become more prominent (Virues-Ortega et al. 2004). A
pulse oximeter (Avant 2120 system, Nonin Medical, USA)
was used to measure the subjects’ blood oxygen saturation
levels (SaO2) and heart rate (HR). HR was measured as
beats per minute (bpm).

Tremor was recorded with a Class II laser diode (Micro
laser sensor LM10, series ARN12821, Matsushita Elec-
tronic Work, Ltd., Osaka, Japan) at a sampling rate of
1000 Hz. The laser was located 8 cm above a 2-cm-diameter
piece of white cardboard (weighting 1.2 g) that was Wxed on
the tip of the dominant index Wnger (see Fig. 1, left side for
an illustration of a postural tremor recording, right side for
an illustration of a kinetic tremor recording). The beam was
directed towards the cardboard allowing for the recording of
vertical Wnger displacements. The laser is an analog output
sensor using an optical triangulation with a §2 cm range of
measurement (corresponding to §5 Volts). It has a resolu-
tion of §5 �m after Wltering out high frequencies. Position
data were converted from Volts to millimeters using a cali-
bration constant. A Multifunction Data Acquisition system
from National Instruments (National Instrument Corpora-
tion, Austin, USA) with a LabView platform to program the
interfaces (LabView 8.0) was used to acquire data and con-
nect the laser system to a dedicated laptop.

Subjects

Twenty-three healthy male volunteers (aged 23 § 5 years)
recruited from The University of Western Ontario (UWO)
and aYliate institutions completed this study. Subjects were
pre-screened to ensure they were free from movement limi-
tation, cardiac or cerebral pacemaker, history of head
injury, or epileptic seizure, that they did not suVer from dia-
betes, radial keratotomy, anemia, or any cardiovascular,
neurological or psychiatric diseases. It was conWrmed that
they had no previous altitude training and were not taking
123
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medications known to aVect blood oxygenation levels or
thrombogenesis. Prior to the experimental sessions, partici-
pants were instructed to refrain from alcohol, nicotine, and
caVeine for 24 h. The study was approved by the UWO
Health Sciences Research Ethics Board.

Procedure

Each subject was required to participate in the experiment
on two non-consecutive days: on the baseline day they
were tested at sea level (deWned as our ambient level:
251 m altitude in our laboratory) only, on the altitude day
they were tested at 4,500 m of simulated altitude and post-
altitude (sea level) conditions. Baseline and altitude days
were given in approximately a 2:1 cross-over design fol-
lowing a single blinded procedure (15 subjects had the
baseline day Wrst and 8 subjects had the altitude day Wrst).
On the Wrst day, the protocol was explained and the sub-
ject provided written consent. He was then randomly
assigned to complete either the baseline, or the altitude
day. For the baseline and post-altitude conditions, the alti-
tude simulator was set at sea level (21% of O2 in the
ambient air). For the altitude condition which lasted 1 h
altogether, the altitude simulator was set to 4,500 m. In
each testing condition, postural and kinetic tremor testing
started 35 min after the subject entered the tent. After the
completion of tremor tests, the subject stayed another
22 min in the tent to complete other motor tests. In the

altitude condition, all subjects had their SaO2 stabilized
under 87% within the Wrst 5 min in the tent (measured by
the pulse oximeter). During the altitude-day, between the
altitude and post altitude conditions, the subject was
instructed to sit in a separated normoxic room for 10 min.
This period of time was used to set the tent back to sea
level. The subject then returned to the tent to complete the
post-altitude condition.

Tremor tests

Postural tremor and kinetic tremor tests were recorded
for 1 min each with a 1-min rest period in between. In
both conditions, the subject was sitting in an experimen-
tal armchair and had his dominant arm resting on the
armrest with the palm of his hand supported by a mod-
eled support. For the postural tremor test, the subject
was instructed to relax and to point and maintain for
1 min his dominant index Wnger forward without hyper-
extending it. The subjects received a visual feedback of
the position of their Wnger represented by a horizontal
line displayed on a LCD screen in front of them: each
subject had to maintain this line steady, aligned with the
“zero” position displayed on the screen. The postural
tremor was recorded at the tip of his index Wnger for the
duration of test (see Fig. 1). For the kinetic tremor test,
the subject was assumed the exact same position. How-
ever, instead of keeping his index Wnger steady during

Fig. 1 Position (top graphs, unWltered data) and velocity (middle
graphs, Wltered data) time series and velocity power spectra (bottom
graphs) for a postural (left) and kinetic (right) tremor recording. The
power spectra illustrate the frequency content between 2 and 20 Hz for
the postural tremor condition and between 3 and 20 Hz for the kinetic
tremor condition. The thick gray square wave on the top right graph

represents the position of the target that the subject had to track over
time. Note that due to the tracking task, the amplitude of the kinetic
tremor time series is about one order of magnitude higher than the
amplitude of postural tremor time series, which is reXected as well in
the corresponding power spectra
123



Eur J Appl Physiol
the test, he was asked to track as precisely as possible
with his index Wnger a target which was moving up and
down. The target was represented by a horizontal line
displayed on the screen in front of him that could
sequentially assume the “up” and the “down” positions.
To fulWll the task, the subject was asked to track this line
with his feedback line (i.e. to try keeping these two lines
superimposed by moving his Wnger up and down accord-
ing to the target line position). The target changed posi-
tions at a mean frequency of 0.25 Hz, but the time
between each change was pseudo-randomized (the target
assumed the same position and for the same duration
between tests, but in a diVerent pre-programmed order).
The amplitude needed at the Wngertip to follow the line
was 2 cm (see Fig. 1). Prior to starting the experiment,
the subject was given a period of familiarization for each
test.

Data analysis

Raw tremor data were converted from volts to millimeters
and analyzed using Matlab (The MathWorks, Natick, MA,
USA). Fingertip position time series were low-pass and
high-pass Wltered in the frequency domain keeping frequen-
cies between 2–20 Hz for postural tremor and 3–20 Hz for
kinetic tremor (Fast Fourier–inverse Fast Fourier Trans-
forms). Velocity time series (diVerentiated position time
series) were used in the frequency domain analyses because
they enhance the proportion of power in frequency range of
interest (6–12 Hz). Indeed, while the proportion of low
frequencies is prominent in postural tremor power spectra,
the diVerentiation process [due to the simple frequency-
dependent relationship linking the power spectrum of a
time-dependent variable to its derivative: power in
velocity = power in displacement £ (2 £ � £ frequency)2,
see for example Norman et al. 1999] has the advantage of
amplifying the proportion of power at the frequencies cor-
responding to physiological tremor. Postural tremor analy-
ses were conducted on only 20 subjects since the data of
three participants were partially lost because their Wnger
drifted out of the laser beam during recordings. Kinetic
tremor analyses were conducted on the 23 subjects. Group
averaged power spectra were computed in the postural
(Fig. 2, n = 20) and kinetic (Fig. 3, n = 23) tremor condi-
tions. Interestingly, an increase of the frequency content
between 6 and 12 Hz was noticed in the altitude condition
compared with the sea level conditions (baseline and post-
altitude) for both postural and kinetic tremor tests, with a
more pronounced eVect in the postural tremor condition. It
was therefore decided to select the 6–12 Hz frequency
range as a frequency range to focus on in our data analysis
(instead of the 8–12 Hz range previously investigated in the
literature).

Validated characteristics (Beuter and Edwards 1999;
Edwards and Beuter 2000) were then calculated for each
data set (amplitude, drift, median frequency, amplitude
Xuctuations, frequency concentration, power in 6–12 Hz
range, and proportion of power in the following ranges:
2–4, 4–6, 6–12, 12–20 Hz, deWned in the appendix). Two
additional characteristics were added for kinetic tremor
analysis: mean tracking error and delay for movement initi-
ation. Within-subjects ANOVAs were conducted using
SPSS (SPSS v16.0, USA) on each characteristic. Probabil-
ity values were corrected for lack of sphericity using the
Greenhouse-Geisser epsilon. A Bonferroni correction for
multiple comparisons was used to safeguard against type I
errors (false positives) in pair-wise comparisons. It was also
chosen to complete the statistical results with a measure of
the eVect size: the partial eta squared (Eta2) which represent
the proportion of the eVect which can be attributed to the
diVerent conditions.

Fig. 2 20 subjects’ averaged power spectra for postural tremor in each
experimental condition. This graph suggests that hypoxia induces an
increase of tremor power in the 6–12 Hz range: the power is increased
in the altitude condition and though decreasing, it does not return to its
baseline level in the post-altitude condition
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Results

It was of primary importance in this experiment to conWrm
whether the hypoxic environment actually induced hypox-
emia in the subjects (i.e. reduced SaO2). All subjects had a
normal SaO2 in the baseline condition (above 96% SaO2).
After several minutes in the altitude condition, their SaO2

had stabilized below our predetermined threshold of 87% to
an average value of 80%. Normalcy was achieved again in
the post-altitude condition for all subjects. DiVerences were
signiWcant for the main eVect (F = 962.15, P < 0.001,
Eta2 = 0.98; Fig. 4a) and the decrease of SaO2 during the
altitude condition was conWrmed by pair-wise comparisons
with both pre- and post-altitude conditions (P < 0.001). The
subjects partially compensated for the oxygen deWciency in
the altitude condition as evidenced by their increased HR
from an average of 65.5 to 75.5 bpm (F = 25.81, P < 0.001,
Eta2 = 0.56; Fig. 4b). Again, Bonferroni pair-wise compari-
sons conWrmed the increased HR during the altitude condi-
tion in comparison with the baseline and post-altitude
conditions (both with P < 0.001).

Within subject ANOVAs were then conducted on com-
puted tremor characteristics and Bonferroni adjusted pair-
wise comparisons were run when signiWcant main eVects
were found. Since they would give redundant information,
we removed characteristics that were signiWcantly corre-
lated between each other (Pearson correlations, threshold
Wxed at r = 0.8 and P < 0.05). Therefore, only amplitude,
drift, median frequency, mean power in 6–12 Hz range,
and proportion of power in the following ranges: 2–4, 4–6,
6–12 Hz were kept for postural tremor statistical analysis.
For kinetic tremor analysis, amplitude, delay, error, median
frequency, proportion of power in the 6–12 Hz range and
power in the 6–12 Hz range were kept for statistical analysis. 

Postural tremor

Main eVects regarding postural tremor are reported in
Table 1 and Bonferroni adjusted pair-wise comparisons
were conducted on characteristics showing a signiWcant
main eVect. Subjects exhibited a higher amplitude (F = 3.89,
P < 0.05, Eta2 = 0.17) and mean power in the 6–12 Hz range

(F = 6.14, P < 0.01, Eta2 = 0.24; illustrated in Fig. 5) and a
smaller proportion of power in the 2–4 Hz range (F = 4.44,
P < 0.05, Eta2 = 0.19) in the altitude than in the baseline
conditions. Bonferroni adjusted pair-wise comparisons con-
Wrmed that amplitude and power in the mean 6–12 Hz fre-
quency band were signiWcantly higher in the altitude than in
the post-altitude condition (P < 0.05 for both comparisons)
and marginally higher in the altitude than in the baseline
condition (P = 0.1 and P = 0.06, respectively). The propor-
tion of power in the 2–4 Hz range was signiWcantly smaller
in the post-altitude than in the altitude condition (P < 0.01).

Kinetic tremor

Kinetic tremor was analyzed using the same statistical
procedure. Thus, main eVects are reported, and Bonfer-
roni adjusted pair-wise comparisons were conducted on

Fig. 4 a SaO2 was signiWcantly 
lower in the altitude than in the 
baseline and post-altitude 
conditions. Error bars represent 
the standard deviation (variability 
is too small to display standard 
error of the mean (SEM)). b HR 
was signiWcantly higher in the 
altitude than in the baseline and 
post-altitude conditions. 
Error bars represent SEM 70
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Table 1 Main eVects resulting from the within-subjects ANOVAs for
postural and kinetic tremor data

SigniWcant eVects (P < 0.05) are italicized and indicated with an
asterisk (*)

EVect size (Eta2) and power are also reported

When signiWcant, the direction of the eVect is indicated by an arrow
(% if increased and & if decreased during hypoxia)

Tremor Characteristics Direction 
of changes

F P Eta2 Power

Postural Amplitude % 3.89 0.05* 0.17 0.56

Drift n/a 0.25 0.72 0.01 0.08

MedFreq n/a 2.71 0.09 0.12 0.46

Pow 2–4 & 4.44 0.02* 0.19 0.70

Pow 4–6 n/a 1.97 0.16 0.09 0.34

Pow 6–12 n/a 2.34 0.13 0.11 0.37

Meanpow 6–12 % 6.14 0.01* 0.24 0.76

Pow12-20 n/a 0.09 0.90 0.00 0.06

Kinetic Amplitude n/a 1.49 0.24 0.06 0.29

Delay n/a 1.76 0.19 0.07 0.33

Error n/a 2.33 0.13 0.10 0.36

MedFreq % 6.87 0.01* 0.24 0.84

Pow 6–12 % 6.43 0.00* 0.23 0.87

Meanpow 6–12 % 3.77 0.03* 0.15 0.63
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characteristics showing a signiWcant main eVect (see
Table 1). Once again, a main eVect was found on the mean
power in the 6–12 Hz range showing higher values in the
altitude condition (F = 6.43, P < 0.05, Eta2 = 0.15; Fig. 6).
The proportion of power in the 6–12 Hz range and the
median frequency also exhibited higher values in the
altitude condition (F = 6.97, P < 0.01, Eta2 = 0.24 and
F = 6.87, P < 0.01, Eta2 = 0.24, respectively). No signiW-
cant eVects were observed on the tracking performance
characteristics, i.e., delay (F = 1.76, P > 0.05, Eta2 = 0.07)
and error (F = 2.33, P > 0.05, Eta2 = 0.10). Bonferroni
adjusted pair-wise comparisons indicated that the mean
power in the 6–12 Hz frequency range was marginally
higher in the altitude than in the post-altitude condition
(P = 0.06) and the baseline condition (P = 0.08); that pro-
portion of power in the 6–12 Hz range was signiWcantly
higher in the altitude condition than in the two other condi-
tions (P < 0.05); and that median frequency was signiW-

cantly higher in the altitude than in the post-altitude
condition (P < 0.05) and marginally higher compared with
the baseline condition (P = 0.07).

Discussion

In the present study, the hypothesis suggesting an increase
of tremor intensity in the 6- to 12-Hz frequency range with
altitude has been conWrmed statistically in a sample of 23
subjects. This is in line with the unique study found in the
literature reporting an activation of tremor in the 8–12 Hz
frequency range with acute hypoxia (Krause et al. 2000).
This frequency range is believed to be associated with a
central nervous system autonomous oscillator. This sug-
gests that acute hypoxia may interact with the physiological
rhythm of a central pacemaker involved in tremor genera-
tion (Elble 1986; Goodman and Kelso 1983; Llinas and
Volkind 1973; Travis 1929). One of the main interests in
adding kinetic tremor was to access tremor produced during
a goal-directed movement known to involve slightly diVer-
ent control mechanisms than a postural task (Gross et al.
2002). However, it has been argued that the central pulsa-
tile control occurring in this frequency range during move-
ment is rather a biphasic motor output reXecting the
descending motor command than tremor per se (Vallbo and
Wessberg 1993; Wessberg and Vallbo 1996). Interestingly,
in the present study, the increase in tremor intensity in the
6- to 12-Hz frequency range observed in postural tremor is
also observed in the kinetic tremor data, which reinforces
the reliability of this eVect and supports an eVect at the cen-
tral level, but this perspective is weakened by the absence
of eVect on tracking the performance (which is centrally
determined).

However, our approach diVered in several ways from
that used by Krause et al. (2000). The Wrst diVerence con-
cerned the way tremor was measured: we measured dis-
placement rather than acceleration of the index Wnger,
which may have led to slightly diVerent results since the
two methods do not carry exactly the same information
(Norman et al. 1999). In addition, we measured two types
of tremor instead of one to get a more comprehensive view
of the eVect of hypoxia on motor and cognitive abilities.
Another diVerence in our study involved the absence of
loading applied to the index Wnger. Krause et al. had the
subjects extend their Wnger and apply a force of 50 g
against a spring. This may have altered the characteristics
of the tremor making some components more prominent,
and others less so (Arihara and Sakamoto 1999; Lippold
1981). In addition, we did not induce as much hypoxia as
did Krause et al. Indeed, they set PETO2 = 45 mmHg (End
Tidal partial Pressure in oxygen) implying that PaO2 was
about 33 mmHg (Cotes et al. 2006), and therefore SaO2 is

Fig. 5 Power in the 6- to 12-Hz range for postural tremor in baseline,
altitude and post-altitude conditions. Error is reported as the SEM. As
illustrated in Fig. 2, the power is increased in the altitude condition and
though decreasing, it does not return to its baseline level in the post-
altitude condition (not statistically signiWcant)
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approximately 62% (Ganong 2001) whereas our subjects’
average SaO2 was about 80%. This was done to help assess
the sensitivity of tremor to mild or moderate changes in
oxygen status. Furthermore, although we have kept the
characteristics of our subjects similar to Krause et al. we
have increased the sample size from 12 to 23. Finally in
terms of analysis, Krause et al. considered the power of the
8- to 12-Hz frequency component of physiological tremor
while our data tend to show that frequencies within a larger
frequency band (6–12 Hz) are also enhanced by an acute
hypoxia. Additional tremor characteristics known to be sen-
sitive to environmental perturbations have also been inves-
tigated in the present study (Beuter and Edwards 1999;
Edwards and Beuter 2000; Legros and Beuter 2005).

As indicated above, there remains uncertainty regarding
the origin of tremor. However, we note that the 8- to 12-Hz
component of physiological tremor is usually reported as
being mainly caused by a central pacemaker. That is, it is
suspected that a population of neurons Wres rhythmically in
such a way that the signals generated ultimately lead to
tremor in the extremities. Numerous suggestions regarding
the location of the central oscillator have been made, and
some possibilities include the thalamus, the inferior olive,
and the basal ganglia (see Deushl et al. 2001 for a review).
It does seem likely, however, that the oscillator involves
transcortical communication (Koster et al. 1998). A few
studies have capitalized on magnetoencephalography
recordings and advanced directed coherence analysis tech-
niques attempting to localize the central oscillator. One
group found that the 8- to 12-Hz component of tremor
during slow voluntary movement (Vallbo and Wessberg
1993) originates at the premotor cortex and is modulated
by a cerebello-thalamo-cortical network (Gross et al.
2002). Another group reported similar results when asking
healthy volunteers to emulate Parkinsonian tremor (Pollok
et al. 2004). Since the brain is exquisitely sensitive to
hypoxia, it is conceivable that the network producing
tremor is disrupted in some way by hypoxic conditions.

What is not clear, however, is whether hypoxia acts
directly on tremor via the somatomotor system or indirectly
through other physiological systems (e.g. respiratory and
cardiovascular systems). The link between hypoxia, cate-
cholamine, and tremor has been investigated using a variety
of research approaches including cellular and animal stud-
ies (Chalmers et al. 1966; Hiramatsu et al. 1971). Results
from these studies are converging toward a common
description regarding the cascade of events in process.
Hypoxic stress induces a release of catecholamine (sympat-
homimetic “Wght-or-Xight” hormones that are released by
the adrenal glands in response to stress) which in turn
induces an increase in HR and an increase in oxygen uptake
eYciency (Peterson et al. 1999). Though tremor is usually
not aVected by local sympathetic nervous system activity,

an adrenaline increase leads to an increase of muscular
oscillations in the 10-Hz range as a consequence of a
decrease in tetanic tension (Marsden and Meadows 1970).
For instance, isoproterenol can mimic the action of cate-
cholamine, which is thought to be mediated via O2-recep-
tors on extrafusal muscle Wbers and increases physiological
tremor amplitude (Pickles et al. 1981). It has also been
reported that oral bronchodilator drugs increase physiologi-
cal tremor and HR (Watson and Richens 1974).

Since both tremor amplitude and HR are concomitantly
aVected by catecholamine, one might ask the question if
in fact the increase in tremor amplitude is not mainly the
mechanical consequence of the increase in HR. This is,
however, an unlikely scenario since it is reported that
though ballistocardiographic impulses evidently contrib-
ute to the generation of resting tremor, they have only
minor inXuence on physiological tremor recorded in the
outstretched Wnger (Marsden et al. 1969). Moreover,
according to these authors adrenaline induced tremor may
not be due to the associated cardiac modulations. It seems
therefore reasonable to advance that at least part of the
increase of tremor amplitude in the 6–12 Hz range
reported here (as consequence of acute hypoxia) is due
to an increase of circulating adrenaline release. Peripheral
�-adrenoreceptors would then stimulate peripheral vaso-
dilation reducing in turn the visco-elasticity properties of
the muscle and thus its Wltering properties (Fellows et al.
1986).

Interestingly, the eVect of hypoxia also bears some simi-
larities with that of fatigue. According to the literature, the
eVect of fatigue on postural tremor in neurologically nor-
mal subjects is conWned to an increase in the peak power of
the neurally generated 8- to 12-Hz tremor component
(Lippold 1981; Morrison et al. 2005; Vaillancourt and Newell
2000). It has for example been reported that exhaustion is
characterized by a concomitant increase of tremor ampli-
tude and of HR (Vetter and Horvath 1961). However, this
work also shows that tremor amplitude is back to its base-
line values 7 min after the cessation of the work whereas
the HR was still elevated. Our current results show that
while tremor is not completely reaching its baseline level
1 h post exposure, HR is. Again, this tends to support the
idea that the increase in tremor size is not a direct conse-
quence of an increase in HR. Our results, therefore suggest
that hypoxia and fatigue may share some common mecha-
nisms; nevertheless, diVerent processes seem to be involved
post-stress.

Although the most consistent change was located in the
6 to 12-Hz range for both postural and kinetic tremor, it
was not the only characteristic that achieved statistical
signiWcance. Indeed, the amplitude of postural tremor
was increased and its proportion of low-frequency range
(2–4 Hz) was decreased with altitude. However, these two
123



Eur J Appl Physiol
observations are in fact direct consequences of the increase
of the power of tremor in the 6–12 Hz range: this led to an
increase of the overall tremor amplitude and to a decrease
of the proportion of power in the other frequency ranges,
including the 2–4 Hz range (illustrated by Fig. 2). Regard-
ing kinetic tremor, the median frequency slid to higher fre-
quencies, but again it was a direct consequence of the
increase of tremor power in the 6–12 Hz frequency range
(illustrated by Fig. 3).

Often, in abnormal circumstances, the power spectrum
narrows and frequencies shift to lower values (Beuter and
Edwards 1999). No pathology was expected to be induced
by this study, and indeed, none apparently was. The local-
ized increase in power at 6–12 Hz was not large enough to
bring the increase of the average amplitude of the whole
spectrum to statistical signiWcance. Finally, neither of the
characteristics of performance for the tracking task (i.e.
delay and error) demonstrated an eVect with respect to oxy-
gen availability. Thus, the level of hypoxia induced in this
study may not have been long enough to alter reaction time
or voluntary movements as reported elsewhere (Virues-
Ortega et al. 2004).

In conclusion, this study was designed to describe the
eVect of hypoxia on physiological tremor both in pos-
tural and kinetic conditions. It is shown that the tech-
nique of evaluation and analysis of human physiological
tremor used here is adapted to detect subtle altitude/
hypoxia-induced changes. However, an experiment uti-
lizing a brain activity monitoring technique such as
fMRI, or EEG, while simultaneously collecting tremor
data under hypoxic conditions, is warranted to further
explore the relationship with central processes. The most
important eVect observed was an increase in the spectral
content from 6 to 12 Hz of physiological tremor (pos-
tural and kinetic). This eVect has been observed previ-
ously using a diVerent protocol indicating that the eVect
is robust and reproducible. Though the speciWc mecha-
nisms involved are still not known, and beyond the con-
tribution of a central pacemaker that remains to be
elucidated, the main mechanism in process here seems
to be associated with an hypoxia-induced catecholamine
release which would in turn modulate the stiVness prop-
erties of the muscles and lead to an increase of tremor
amplitude in the 6–12 Hz range. Although further
research needs to be conducted to elucidate the precise
relationship between acute hypoxia and physiological
tremor, the present work has begun to explore the nature
of the connection between the two.
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Appendix

Characteristics computed on tremor time series1

Amplitude Root Mean Square of the Wltered
position time series centered on
their mean. Computed on position
data Wltered between 2 (3 for
kinetic tremor) and 20 Hz. Larger
values correspond to worse perfor-
mance

Drift QuantiWes the amplitude of the
drift of the Wnger (slow move-
ments with frequencies <0.1 Hz).
Computed on position data only in
the postural tremor condition.
Larger values correspond to worse
performance

Median frequency Computed on tremor velocity
power spectrum between 2 (3 for
kinetic tremor) and 20 Hz. Deter-
mines the value at which 50% of
the power is below this frequency
and 50% is above. Smaller values
usually correspond to worse per-
formance

Amplitude Xuctuations Characterizes the variability of
tremor amplitude over time. It is
the standard deviation of the enve-
lope around tremor oscillations.
Computed on position data. Larger
values correspond to worse perfor-
mance

Frequency Computed on tremor velocity power
concentration spectrum between 2 and 20 Hz.

QuantiWes the degree of organiza-
tion of tremor by computing the
width of the interval containing
68% of the power of the spectrum
between 2 (3 for kinetic tremor)

1 Please note that the description of the quantiWcation of the changes in
terms of ‘better or worse performance’ regarding tremor characteristics
is stated here as an indication only. Though they could be adapted in
describing pathological tremor such characterizations would be too
speculative to be used to fully describe tremor staying within the phys-
iological range
123



Eur J Appl Physiol
and 20 Hz. Smaller values corre-
spond to worse performance

Proportional power Computed on tremor velocity power
in 2–4 Hz range spectrum between 2 and 20 Hz.

Proportion of the power contained
in this range compared with the
spectrum between 2 (3 for kinetic
tremor) and 20 Hz. Larger values
usually correspond to worse per-
formance

Proportional power Computed on tremor velocity power
in 4–6 Hz range spectrum between 2 and 20 Hz.

Proportion of the power contained
in this range compared with the
spectrum between 2 (3 for kinetic
tremor) and 20 Hz. Larger values
usually correspond to worse per-
formance

Proportional power Computed on tremor velocity power
in 6–12 Hz range spectrum between 2 (3 for kinetic

tremor) and 20 Hz. Proportion of
the power contained in this range
compared with the spectrum
between 2 (3 for kinetic tremor)
and 20 Hz. Smaller values usually
correspond to worse performance

Mean Power in Computed on tremor velocity power
the 6–12 Hz range spectrum between 2 (3 for kinetic

tremor) and 20 Hz. Average of the
power contained in this frequency
range. It is the range containing
the physiological tremor compo-
nents. Computed on velocity data
Wltered between 2 (3 for kinetic
tremor) and 20 Hz. Larger values
correspond to worse performance

Proportional power Computed on tremor velocity power
in 12–20 Hz range spectrum between 2 and 20 Hz.

Proportion of the power contained
in this range compared with the
spectrum between 2 (3 for kinetic
tremor) and 20 Hz. Larger values
usually correspond to worse per-
formance

Mean tracking error Mean of the absolute diVerence
between the Wnger position and the
reference position during a record-
ing. Computed on position data
Wltered between 3 and 20 Hz.
Larger values correspond to worse
performance

Delay Average delay between the dis-
placement of the target on the

screen and the displacement of the
subject’s index Wnger. Computed
on position data Wltered between 3
and 20 Hz. Larger values corre-
spond to worse performance.
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