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The effects of altitude and heat on speech articulatory co-

ordination following exercise and approximately three hours of 
exposure are explored. Recordings of read speech and free re-
sponse speech before and after exercise in moderate altitude, 
moderate heat, and both moderate altitude and heat are ana-
lyzed using features that characterize articulatory coordination. 
It is found that 1) moderate altitude causes small changes and 
moderate heat negligible changes to articulatory coordination 
features after brief exposure prior to exercise; 2) moderate al-
titude and heat produce similar large feature changes follow-
ing exercise and longer exposure; 3) moderate altitude and heat 
produce larger feature changes in combination than individually 
immediately following exercise. Finally, using cross-validation 
training of a statistical classifiers, the features are sufficient to 
classify the four experimental conditions with an accuracy of 
0.50, and to detect the presence of any one of the experimental 
conditions with an accuracy of 0.90.
Index Terms: speech analysis, articulatory coordination, 
altitude and heat effects

1. Introduction
In many regions of the world there are environments in which 
both hot (> 30o C) and moderate altitude (> 3, 000 m) am-
bient conditions co-exist, such as South East Asia. However, to 
our knowledge there has never been a scientific study of the 
combined impact of these environmental factors on physiolog-
ical and cognitive function prior to, during, and after exercise. 
In this paper the goal is to assess the effect of aerobic exercise 
under acute heat and altitude conditions on fine motor control 
involved in speech articulatory coordination,

Military operational environments present service mem-
bers with numerous mental and physical challenges, which can 
include extreme heat, altitude, or both in combination. These 
conditions can degrade cognitive function due to both 
reversible (e.g., cognitive workload) and irreversible (e.g., neu-
ral injury/cell loss) causes. Although studies examining the ef-
fects of moderate altitude exposure on cognitive function have 
yielded inconsistent findings [1, 2], research evaluating perfor-
mance at high altitude (e.g., > 4, 500 m) have noted degraded 
function across many key cognitive domains, particularly mo-
tor, memory, language and executive function in adults (e.g.,[3, 
4]).

Speech markers that may have particular relevance for 
detection of cognitive load, fatigue, or performance include 
prosody and pitch variation [5], grammar [6], and formant struc-
ture [7]. In particular, measures of articulator coordination [8] 
based on formant structure and dynamics have shown excellent

sensitivity for detecting depression [8, 9], cognitive decline in 
mild TBI [10], dementia in the elderly [11], cognitive decline 
following heavy cognitive workload [12, 13], and severity of 
Parkinson’s disease [14]. Given the effects of altitude on motor 
function, these speech-based measures are particularly appro-
priate tools for assessment of possible changes in cognition due 
to altitude exposure.

Changes in speech have been studied specifically with re-
spect to hypoxia. Lieberman [15] and Cymerman [16], for ex-
ample, have shown that voice onset time (VOT), the duration 
between a consonant burst and onset of the following vowel, 
as well as the duration of the following vowel, lengthen under 
high altitude conditions. These studies used a speech database 
consisting of monosyllabic voiced/voiceless word pairs such as 
”to” vs ”do” and ”cod” vs ”god” in which the voice onset time is 
a distinguishing characteristic. Lieberman and Cymerman addi-
tionally considered cognitive deficits in conjunction with speech 
changes. Speech changes were correlated with increased diffi-
culty performing set-shifting cognitive tasks (such as ”odd man 
out” card sorting) and increased time required for simple sen-
tence comprehension. Experiments were performed under both 
real (Mt. Everest) and simulated (hypobaric chambers) condi-
tions. More recent work by Kiss [17] suggests that a general 
loss of speech clarity can be expected in individuals exposed to 
relatively long periods of reduced oxygen levels.

In Section 2, a new data collection is described that probes 
the interactions of moderate altitude and moderate heat, with 
and without physical exertion, on speech articulatory coordina-
tion. Speech recordings were obtained under hot or moderate 
altitude, or under combined hot and moderate altitude condi-
tions, both before and after a sustained aerobic exercise task 
(45 min duration on a cycle ergometer), within the first 2 hours 
of exposure in a hypobaric chamber with temperature and hu-
midity controls. In Section 3, articulatory coordination features 
are described that use time varying resonances of the vocal tract 
as indicators of coordination among speech articulators. In Sec-
tion 4, changes in the articulatory coordination features due to 
different stimulus combinations are quantified. In addition, the 
net discriminative value of the articulatory coordination features 
is assessed based on the ability to classify experimental condi-
tions in cross-validation. In Section 5, the relevance of these 
findings, and our proposed path forward, is discussed.

2. Data Collection
The data collection was conducted to enable investigation of 
effects of altitude and heat exposure on physical and cognitive 
performance, including fine motor control in speech production. 
The subject population consists of thirteen healthy and fit young*This material is based upon work supported by the Department of the Army under Air 
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Table 1: Subject demographics

Description Mean SD

Age (yrs) 25.3 6.1
Baseline Wt (kg) 81.2 16.8
Height (m) 1.8 0.1
% Body fat 22.2 5.5
SL VO2 Peak (ml/kg/min) 41.9 4.4

Table 2: Experimental conditions

Condition Altitude Temp. Rel. Humid.

1 250 m 20 deg C 30-50%
2 250 m 35 deg C 30%
3 3,000 m 20 deg C 30-50%
4 3,000 m 35 deg C 30%

men and women. Table 1 provides demographic characteristics
for the study sample. For each experimental condition, the ex-
perimental protocol involved a dwell time of three hours within
a climate controlled hyperbaric chamber, with 45-minutes of
aerobic exercise following the first hour. Four different exper-
imental conditions were conducted in which altitude and heat
were varied in the chamber. In each condition, a standardized
speech protocol was administered at five time points: one be-
fore entering the chamber, three inside the chamber (one before
and two following aerobic exercise), and one after leaving the
chamber.

The four experimental conditions are listed in Table 2. Con-
dition 1 is the control condition and Conditions 2-4 are the ex-
perimental conditions that probe the effects of moderate alti-
tude, moderate heat, and combined altitude and heat.

Figure 1 diagrams the experimental protocol used for each
condition. A set of speech recordings take place less than one
hour after entering the chamber. At the one hour mark the sub-
ject does 45 minutes of aerobic exercise on a cycle ergometer.
The experiment is designed to probe the effect on fine speech
motor control of exposure to high altitude and/or high heat con-
ditions following physical exertion and prolonged exposure.

The first and third set of speech recordings in the chamber
comprise the full speech protocol, which includes a read pas-
sage (rainbow), two image response free speech passages, rep-
etitions of pataka, and several held vowels. The second speech
recording in the chamber includes only the read passage and a
single image free response passage.

The analysis technique used in this paper is designed to
characterize articulatory dynamics in read or free speech with
a duration of several seconds or more. Therefore the analysis
in this paper is restricted to the read passage and the two free
speech passages. This results in eight speech recordings inside
the chamber in each experimental condition.

3. Articulatory Coordination Features
Articulatory coordination features are designed to capture lev-
els of dynamical interrelations among the multiple articulators
involved in speech production. More specifically, the features
are derived from the eigenspectra of correlation matrices, which
are constructed from time series of the first three formant fre-
quencies, with expanded dimensionality based on time delay
embedding. The resulting eigenvalues capture the shape of the

Figure 1: Time course of each experimental condition. Sessions
1-5 are the speech recording sessions.

high-dimensional scatter distribution of the multiple formant
channels at multiple relative time lags. Previously, it was found
that scatter distributions with a more spherical quality (i.e., hav-
ing larger values in the lower rank eigenvalues) reflect healthier
states, such as lower levels of depression, Parkinson’s Disease,
and less impaired cognition [8, 9, 10, 11, 14]. This multivariate
feature approach was first introduced for analysis of spatiotem-
poral coordination among EEG signals for predicting epileptic
seizures [18, 19].

3.1. Audio formant frequencies

Vocal tract resonances (”formants”) contain information about
speech dynamics based on the rates and relative timings of
speech articulator movements, which shape the vocal tract. A
formant tracking algorithm based on Kalman filtering is used
to obtain smooth estimates of the first three resonant frequen-
cies over time [20]. Formant frequencies are extracted every
10 ms from the audio signal. Embedded in the formant track-
ing algorithm is a voice-activity detector that allows a Kalman
smoother to smoothly coast through non-speech regions. Post
processing is also applied, in which estimates of the third for-
mant frequency that are above a threshold of 4.5k Hz are trun-
cated.

3.2. Articulatory coordination features

High-level articulatory coordination features are extracted from
the low-level formant time series data. In this feature approach,
channel-delay correlation matrices are computed from low-level
multi-channel signals using time-delay embedding at multiple
different delay scales. The features consist of the eigenspectra
from the correlation matrices.

The time delay embedding is done at four different delay
scales, with delay spacings of 1, 3, 7, and 15 frames, which cor-
respond to 10, 30, 70, and 150 ms time delays. There are 15
time delays per scale, ranging from zero delay up to 14 times
the scale-depending delay. Thus, in each scale, time-embedded
correlation matrix is created with dimensionality (45 x 45), due
to three formant channels and 15 time delays per channel. From
each correlation matrix a 45-dimensional rank ordered eigen-
spectrum is computed, which characterizes the within-channel
and cross-channel distributional properties of the formant time
series.

An important consideration in using audio features at mod-
erate or high altitudes is the impact of physical atmospheric con-
ditions on the production of speech. At high altitudes, the speed
of sound is reduced compared to sea level, which directly affects
the resonant properties of the vocal tract. The U.S. Standard At-
mosphere report [21] predicts a drop in the speed of sound of
approximately 5% at altitudes of 15,000 ft. which should be
accompanied by a corresponding rise in vocal tract resonances

298



of 5%. Because the articulatory coordination features used in
this study are derived using correlation coefficients, in which
absolute formant magnitudes are factored out, the features are
invariant to shifts in absolute frequency values due to altitude.

4. Results

4.1. Feature changes

At a given delay scale, the changes of the articulatory features,
which are correlation matrix eigenvalues, are assessed at each
eigenvalue rank. The eigenvalues are first normalized (z-scored)
so that the changes are expressed in standard units. This normal-
ization is done based on feature statistics from Session 1 of all
subjects, under all experimental conditions, for a given type of
recording (e.g., read speech or free speech). Session 1 is used
because it precedes exposure to the heat and altitude manipula-
tions.

In each experimental condition (Conditions 2-4), changes
in the eigenvalue features are calculated relative to the eigen-
values of the control condition (Condition 1), which serves as a
baseline. This is done for read speech (Rainbow passage) and
the first free speech response to a visual image (”Describe what
you see in this photo”), which are available in all three sessions.
Feature differences for Session 5 (return to baseline conditions)
were also calculated. These differences were negligible, and are
not shown here.

Figure 2 shows the Cohen’s D effect sizes of the eigenvalue
feature changes in the first delay scale for Sessions 2 (top), 3
(middle) and 4 (bottom), on the two speech recordings. For
each session the effect sizes are computed using 18 data points
(nine subjects and two recordings per subject). Four of the 13
subjects are not used in this analysis due to missing data in one
or more of the three analyzed sessions. With n = 18, p values
of 0.05 and 0.01 correspond to effect sizes of 0.52 and 0.69,
respectively.

Notice that small eigenvalues, particularly those between
indexes 7 and 26, have positive changes, on average, in all
three experimental conditions. These effects are much larger
in session 4, following exercise and prolonged exposure in heat
and/or altitude, than they are in session 2, which occurs prior to
exercise.

Figure 2 also reveals a different time course of feature
changes for heat alone (Condition 2) than for altitude alone
(Condition 3). Heat produces a negligible initial effect. But,
with exercise and time the heat effect becomes similar in size to
the altitude effect. Thus, the effect of heat on speech dynamics
begins more slowly but accumulates more due to exercise and
prolonged exposure than the effect of altitude. The combined
effect of altitude and heat (Condition 4) also shows this strong
cumulative effect.

In Figure 3 these positive effects are summarized by com-
puting effect size from the average of 20 neighboring normal-
ized eigenvalues in the first delay scale. The rank indices 7-26
are chosen because these are the (20-neighborhood) indices that
yield the largest average effect size in the three experimental
conditions in the three sessions. The trends revealed in Figure 3
are insensitive to the precise size of the neighborhood of eigen-
values that are averaged. Notice that combined altitude and heat
exposure produce a stronger effect immediately following exer-
cise than either exposure individually.

Figure 2: Effect sizes for normalized eigenvalues from the first
formant delay scale in the three experimental conditions rela-
tive to the control condition, in Session 2 (top), Sesssion 3 (mid-
dle), and Session 4 (bottom).

4.2. Classifying experimental condition

The features in the three experimental sessions, derived from
seven speech recordings, were used to train a system to classify
the experimental condition that gave rise to the speech record-
ings. This was done to quantify and summarize the total gen-
eralizeable discriminative information that is available from the
feature vectors at all four delay scales and from all experimental
speech recordings.

The classification method is as follows. For each speech
recording and each formant delay scale, a statistical model was
fit to the formant-based feature distribution. First, The feature
elements were z-scored based on all of the recordings in the
training set. Next, PCA was used to reduce the dimensionality
from 45 dimensions (the number of eigenvalues in each corre-
lation matrix) to five dimensions (a typical number of principal
component features used in previous studies). Then, each PCA
feature was z-scored based on the feature means and standard
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Figure 3: Effect sizes of normalized eigenvalues, averaged
across indices 7-26 in the first formant delay scale.

Table 3: Four-class confusion matrix showing probability of
predicting each experimental condition as a function of the true
condition. The overall classification accuracy is 0.50.

True Pred. Cond.
Cond. 1 2 3 4
1 0.77 0.08 0.08 0.08
2 0.08 0.15 0.31 0.46
3 0.08 0.23 0.31 0.38
4 0.0 0.15 0.08 0.77

deviations on the training set. Finally, a multivariate normal dis-
tribution was fit to this 5-dimensional normalized PCA feature 
space. For regularization, a constant of one was added to the 
diagonal of the covariance matrix.

Because there are eight within-chamber speech recordings 
per experimental condition, and four formant delay scales, a 
total of 32 Gaussian models were constructed for each exper-
imental condition class model. Leave-one-subject-out cross-
validation for all 13 subjects was used to classify which exper-
imental condition gave rise to the seven within-chamber speech 
recordings of a test subject. In each cross-validation fold, the 
normalizations and PCA transforms described above were ap-
plied to the test features. Then, the likelihoods on the test data 
were computed for the 32 class models for each of the four ex-
perimental condition classes. The 32 log-likelihoods for each 
class were summed together, and the class with the highest net 
log-likelihood was selected as the predicted experimental con-
dition.

Table 3 shows the resulting four-class confusion matrix 
computed across all 13 subjects. The average accuracy is 50%. 
The control condition (Condition 1) is easily distinguished from 
the three experimental conditions. However, correct classifica-
tion among the three experimental conditions is difficult.

In Tables 4-6, marginal classifications are computed by ap-
propriately combining the class predictions from the full confu-
sion matrix. Table 4 shows that the presence of an experimental 
condition (heat, altitude, or both) is detected with very high ac-
curacy (90%). Tables 5 and 6 show that high altitude and high 
temperature are also detected with high accuracy (65 and 69%,
respectively).

Table 4: Two-class confusion matrix for detecting any of the
three experimental conditions versus the control condition. The
overall classification accuracy is 0.90.

True Pred. Cond.
Cond. 1 2, 3 or-4
1 0.77 0.23
2, 3 or 4 0.05 0.95

Table 5: Two-class confusion matrix for detecting high altitude.
The overall classification accuracy is 0.65.

True Pred. Cond.
Cond. 1 or 2 3 or 4
1 or 2 0.54 0.46
3 or 4 0.23 0.77

Table 6: Two-class confusion matrix for detecting high heat.
The overall classification accuracy is 0.69.

True Pred. Cond.
Cond. 1 or 3 2 or 4
1 or 3 0.62 0.38
2 or 4 0.23 0.77

5. Discussion
This paper presents a new study that explores the effects of high 
altitude and heat on speech with and without physical exertion. 
Speech articulatory coordination is characterized from record-
ings of read speech and free speech. It is found that altitude and 
altitude combined with heat has a moderate effect prior to exer-
cise. Following exercise and with longer exposure duration, all 
three exposure conditions (altitude, heat, and altitude and heat 
combined) have a large and similar type of effect on articulatory 
coordination. Combined exposure to altitude and heat produces 
the largest effect.

The effect of altitude and heat on the articulatory coordi-
nation features is counterintuitive, Based on previous findings 
[8, 9, 10, 11, 14], we would expect the physical stress of these 
conditions to reduce articulatory coordination, manifested in a 
reduction in small eigenvalues. However, we see the oppo-site. 
There are two conclusions one can draw from these find-ings: 
1) the experimental manipulations temporarily improve
neuromotor processing, which results in greater speech artic-
ulatory coordination; 2) larger values in low rank eigenvalues is
not a specific indicator of effective articulatory coordination,
but rather an indicator of greater complexity in articulatory dy-
namics. This increased complexity may indicate more efficient
neuromotor processing that produces more intelligible and dy-
namic speech. Alternatively, it may indicate greater variability
in articulatory dynamics, due to degraded neuromoter process-
ing, which results in less intelligible speech. A future
research direction is to distinguish between these two
interpretations based on a more detailed analysis of the
current dataset. Other future areas include analysis of ongoing
data collections with heat and altitude manipulations, in which
speech recordings are accompanied by a battery of cognitive
tests, expanding our vocal feature suite to prosodic-, source-,
and phonetic-based features, and adding features derived from
our companion facial video recordings.
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