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In deep-space missions, the basal ganglia and hippocampus, subcor-
tical structures of the brain that play critical roles in motor activity,
cognition, and memory, will be vulnerable to damage from cosmic rays.
These metabolically active structures are also sensitive to damage aris-
ing from the low oxygen content of air at extreme altitudes. We have,
therefore, used Mount Everest as an analogue for deep space, where
astronauts will be subject to danger and stress as well as neural damage.
We can ethically obtain data because our climber-subjects already
intend to climb Mt. Everest. We record speech and test cognitive and
linguistic performance before, during, and after exposure to hypoxic
conditions. From these data we have derived and validated computer-
implemented acoustic voice measures that track slight as well as pro-
found cognitive impairment. Vowel duration and speech motor se-
quencing errors increase as climbers ascend, reflecting degraded basal
ganglia activity. These metrics detect deficits in language comprehen-
sion and the ability to change plans in changing circumstances. Prelim-
inary analyses also reveal memory deficits reflecting hippocampal dam-
age. Our speech metrics are unobtrusive and do not reveal the content
of a verbal message; they could be derived automatically, allowing
space crews to detect subtle motor and cognitive deficits and invoke
countermeasures before performance is profoundly impaired. In future
work we will be validating the voice metrics of stress in collaboration
with the Dinges NSBRI laboratory study of task-induced stress. Our
procedures can also be applied in general aviation and in the treatment
of Parkinson’s disease, Alzheimer’s dementia, and other neurological
disorders.

Keywords: space analogue, cognitive performance, language compre-
hension, hypoxia, voice analysis.

EEP-SPACE missions will expose crews to cosmic

rays, which can damage structures of the human
brain, including the subcortical basal ganglia and hip-
pocampus (37,46). These structures play critical roles in
neural circuits regulating motor control, cognition, per-
sonality traits, emotion, and contextual learning and
memory. Crews will also be subject to stress arising
from long voyages in restricted quarters and from ex-
ternal events. Stress, in itself, can adversely affect per-
formance.

As a model for the neurological and stress-induced
impairments that may occur in deep space, we have
performed cognitive tests on and obtained speech sam-
ples from climbers ascending Mount Everest. The met-
abolically active structures of the basal ganglia and
hippocampus are vulnerable to damage from the low
oxygen content of air at extreme altitudes (2,5,6,17,19,22—
24,41,46). Climbing Mt. Everest is inherently stressful,
since it is almost a certainty that some deaths will occur.
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Our Everest space analogue is unique in allowing us to
ethically study subjects at risk for brain damage in a
life-threatening situation, since our subject population
is restricted to climbers who intend to climb Mount
Everest and have traveled there to that end.
Moreover, our Everest space analogue provides a
unique control population unavailable in traditional
“experiments in nature” such as studies of aphasia. We
determine the speech and cognitive performance of
individual subjects at Base Camp before exposure to
hypoxia and stress and compare these data with per-
formance at higher altitudes where increased hypoxia
and greater levels of stress occur. We thus have been
able to develop and validate speech measures that can
track subtle as well as profound behavioral impairment.
The speech measures are inherently unobtrusive; they
reflect motor control rather than the content of a mes-
sage, and no sensors need be attached to the body. The
system’s output could be made available to crewmem-
bers, who could take appropriate countermeasures be-
fore serious deficits occur that compromise perfor-
mance. An operational system could also be used to
monitor cognitive deficits and stress remotely.

BACKGROUND

Recent advances in neurophysiology show that com-
plex behaviors are regulated by neural “circuits” link-
ing activity in different parts of the brain. The basal
ganglia and other subcortical structures traditionally
associated with motor control are key elements in cor-
tical-striatal-cortical neural circuits that regulate lan-
guage comprehension and adapting behavior to chang-
ing circumstances (1,10,14,15,25,27,28,38,39,43). Neural
circuits linking frontal and posterior cortical areas to
another subcortical structure, the hippocampus, are in-
volved in forming and retrieving memories and the
meanings of words (7,20,47-49).
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Although our brains contain many different neuro-
anatomical structures that carry out distinct operations,
these structures usually do not, in themselves, regulate
an observable complex behavior. An individual neuro-
anatomical structure generally contains many anatom-
ically segregated groups, or populations, of neurons
that carry out local operations. The neuronal population
that carries out a local operation in a given part of the
brain projects to anatomically segregated neuronal pop-
ulations in other structures. Successive links between
segregated neuronal populations in different structures
form a neural circuit (1,10,14,15,20,25,27,28,38,49). 1t is
the circuit rather than any one of the separate structures
that constitutes the brain that is the basis of a complex
behavior.

The subcortical structures that constitute the basal
ganglia—the striatum (caudate nucleus and putamen)
and globus pallidus—support circuits that sequence
both motor and cognitive acts. Disruptions in behavior
that are seemingly unrelated, such as Parkinson’s dis-
ease (PD) (18), obsessive-compulsive disorder (16), and
schizophrenia (14), derive from the disruption of basal
ganglia operations in cortical-striatal-cortical circuits.
The basal ganglia serve two basic functions in these
circuits. They execute routine sequences of motor com-
mands or mental operations, but they also respond to
unusual circumstances to effect a change in the direc-
tion of movements and thought processes (13,14,
27,28,38,39). In subjects performing the Wisconsin Card
Sorting Test, which involves grouping cards by color,
shape, or number of symbols and then changing the
sorting criterion, fMRI shows basal ganglia activity
when the criterion is shifted (39). In PD (13,38) and at
extreme altitudes (6,33,34), basal ganglia function is
degraded, resulting in speech motor deficits and in
cognitive inflexibility similar to that seen in patients
with frontal lobe cortical dysfunction. Mildly and mod-
erately impaired PD patients can exhibit deficits in
speech production and the comprehension and produc-
tion of linguistic syntax similar to those typical of Bro-
ca’s aphasia (27,28,31,32,42). These syntactic deficits
may derive from PD patients not being able to shift
among the syntactic “rules” needed to comprehend
different grammatical structures (27).

The basal ganglia and hippocampus, as well as the
motor cortex, are sensitive to hypoxia, which commonly
occurs in mountain climbers at extreme altitudes
(2/5,6,17,19,22-24,41,45). The globus pallidus—the prin-
cipal basal ganglia output structure linking the striatum
to the cortex through the thalamus and other subcorti-
cal structures—is extremely vulnerable to hypoxic dam-
age (6,19,22-24,41,45). In some circumstances damage
may be permanent. Magnetic resonance imaging shows
bilateral lesions in the globus pallidus and other basal
ganglia structures resulting from exposure to altitude
(6,19). Marked behavioral and cognitive disruption,
similar to that seen following frontal lobe lesions, was
noted for patients with bilateral globus pallidus lesions
resulting from extreme hypoxia (23,24). Repeated as-
cent to altitudes exceeding 8000 m appears to cause
permanent cognitive deficits (40) similar to the cogni-
tive inflexibility seen in PD (13) and following surgi-
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cally induced bilateral lesions to the globus pallidus
(43).

GENERAL METHODS AND MEASURES
Speech Production

Studies of compromised basal ganglia activity have
shown that one of the primary speech production def-
icits is a breakdown in sequencing the motor com-
mands necessary to produce stop consonants. The stop
consonants of English are produced by obstructing the
mouth by closing one’s lips (for b or p) or by placing the
tongue blade (d and t) or tongue body (g and k) against
the roof of the mouth. The obstruction then is abruptly
released, permitting the resumption of airflow. The pri-
mary acoustic cue that differentiates “voiced” stop con-
sonants such as “b” from “voiceless” stops such as “p”
when they occur before a vowel (as in “bat” and “pat”)
is voice-onset time (VOT). When the speaker’s lips
abruptly open, a burst of turbulent air results that has
distinct acoustic properties. The speaker must also ad-
just the muscles of the larynx to produce phonation
subsequent to the burst. To produce a “b,” phonation
must occur within 25 ms of lip opening; longer delays
will yield the sound “p.” Fig. 1 shows the waveforms of
“ba” and “pa” with cursors superimposed that mark
the onsets of the bursts and phonation that define VOT.
Similar temporal sequences involving the tongue and
larynx differentiate “d” from “t” (“do” vs. “to”) and “g”
from “k” (“god” vs. “cod”). This distinction by VOT
appears to hold for all human languages (36). In some
languages, phonation preceding the burst defines a
third VOT category, “prevoicing.”

Thus, speakers must precisely control the sequence of
independent motor acts to produce these sounds. VOT
sequencing deficits can occur in PD, which primarily
affects the basal ganglia “sequencing engine.” Comput-
er-implemented analysis revealed significant overlaps
between the VOTs of stop consonants such as “t” vs.
“d” for some PD subjects (31); that is, VOTs for voiced
consonants fell into the voiceless range, and voiceless
into the voiced range. While these PD subjects also
spoke at a slower rate, they maintained control over the
relative durations that differentiate vowels, other dura-
tional speech phenomena, and tongue and lip move-
ments.

To obtain measures of speech performance, we tape-
recorded subjects as they read aloud, twice, a list of 30
monosyllabic English words starting and ending with
stop consonants, such as ”bat,” “goat,” and “dad.” We
measured VOT and other speech parameters, such as
vowel and word duration, by marking the relevant
acoustic events with cursors on the waveform display
of the BLISS system, developed at Brown University by
Dr. John Mertus (29). Subsequent computer programs
automatically measured the time intervals, plotted his-
tograms, and calculated means, standard deviations,
and ranges for these parameters. The BLISS system also
can produce conventional sound spectrograms, per-
form Fourier analysis of the speech spectrum, estimate
the “formant frequency” patterns that distinguish
among vowels and consonants, plot the fundamental
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Fig. 1. Speech waveform segments corresponding to the syliables “ba” and “pa” spoken by the same speaker under identical conditions. Cursors
have been placed at the onset of the burst caused by opening the lips (L0) and at the onset of periodicity that indicates vocal fold vibration (R0). The
marked interval represents voice-onset time (VOT), which differentiates between the two stop consonants in word-initial position.

frequency (FO) contour of an utterance, and calculate
“jitter,” a measure of period-by-period variation in FO
(26). A number of these measures may provide impor-
tant indices of emotion and stress.

Cognitive and Linguistic Tests

We administered sentence-picture matching tests
similar to those previously used with PD patients and
patients with bilateral basal ganglia lesions (31,32,42) to
our Everest climber-subjects. These tests include a
range of linguistic structures known to place different
processing demands on normal adult subjects.

Similarly, we have assessed cognitive set formation
and shifting abilities using a test originally designed for
use with PD patients: the Odd-Man-Out test (OMO)
(13). This sorting test measures two factors: the ability
to derive an abstract criterion necessary to solve a prob-
lem, and the ability to shift to a new criterion. Fig. 2
shows two typical OMO test cards. The subject is asked
to pick out the “odd” figure. The decision can be based
on either shape or size, and either decision is permitted.
The subject is then presented with a second card and
again asked to pick out the odd image using the same
criterion. If the subject uses the alternate “rule” instead
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Fig. 2. Two Odd-Man-Out test cards. The figure that “doesn’t belong”
can be chosen either by shape or by size. For letter stimuli, shape
corresponds to the letter’'s name, while size corresponds to case.
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(e.g., shifting to shape after starting with size), s/he is
corrected without being explicitly told the criteria. After
selecting the odd figure on 10 cards, the subject is asked
to use the other criterion to select the odd figure on a set
of 10 additional cards. For example, if the subject starts
by sorting pictures by their shapes, s/he must then
switch to sorting them by size. The subject is then asked
to again sort the first 10 cards using the criterion s/he
originally used. The sorting criterion is shifted up to 6
times using the same 20 cards.

Neurologically intact control subjects make almost no
errors on the OMO. Difficulties on the first and second
sorts can reflect deficits in the ability to select a crite-
rion, but subsequent errors are indicative of cognitive
shifting deficits. Moderate PD subjects consistently
have elevated set-shifting error rates on the OMO (13).
Subjects with bilateral basal ganglia damage also have
difficulty shifting sorting criteria; they tend to persever-
ate, holding or shifting back to a previous criterion
(42,43). In our most recent Everest study (2004, prelim-
inary report in this paper) we used the Wisconsin Card
Sorting Test (39), described earlier, which is more dif-
ficult than the OMO and so appears to be more sensitive
for determining the effects of hypoxia.

In our 2003 study (reported on in this paper) we
included a pilot version of the MiniCog Quick Assess-
ment Battery described by Shephard and Kosslyn (44).
After some of the Palm Pilot PDAs on which the Mini-
Cog tests run unexpectedly froze and lost data, the PDA
software was modified for 2004 to tolerate low temper-
atures.

For the 2004 study, Morey adapted a memory test
that reflects hippocampal function (7) to run on the
Palm PDAs. The subject simply searches for the T in
successive arrays of Ls and Ts. Without the subject’s
awareness, some of the arrays are repeated throughout
the task. By comparing response times (RTs) for new vs.
repeated arrays, one can measure the amount of im-
plicit contextual learning that has taken place over the
task. In a healthy individual, repeated presentation of
the same array leads to faster performance: the contex-
tual information contained in the color, orientation, and
location of the Ls is implicitly learned and guides the
searcher to the T. This facilitation is reflected in a stron-
ger negative trend in RTs over blocks of stimuli for
repeated arrays than for new arrays, such that RTs
ultimately become significantly faster for repeated ar-
rays (general learning of the task itself can yield a lesser
negative trend for new arrays). In amnesic patients,
however, no such facilitation is apparent, indicating
that implicit contextual learning depends on intact hip-
pocampal function (7).

Test Sites and Schedules

Starting in Kathmandu, Nepal, our Mt. Everest climb-
er-subjects first fly to Lukla at an elevation of 2827 m
and then walk for 10 d to Everest Base Camp at 5300 m,
where they spend several weeks acclimatizing. This
altitude is the highest at which permanent human hab-
itations exist; few people can acclimatize to the lower
oxygen content of air at higher altitudes (3). During the
acclimatization period Sherpa crews establish a route
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up the 300-m-high icefall and set up a series of camps—
Camp 2 at 6300 m, Camp 3 at 7300 m, and Camp 4 at
8000 m. The Mt. Everest climb entails ascending to
Camp 4 and then climbing to the summit. In most years
climbers can rarely proceed successively to Camps 2, 3,
and 4 and on to the summit without having to return at
some point to Base Camp because of high winds, snow-
storms, and other adverse conditions. In some instances
climbers cumulatively spend weeks at altitudes exceed-
ing 6500 m. Supplementary oxygen generally is not
used before reaching Camp 4; most climbers use sup-
plementary oxygen above 8000 m.

Our research team remains at Base Camp throughout
the climbing season, which may last up to 2 mo. Pulse
oximeter measures and assessments by expedition doc-
tors are used to determine whether individuals have
acclimatized at Base Camp. After our volunteer climb-
er-subjects have acclimatized, our team obtains baseline
speech samples and administers cognitive tests. For the
2003 and 2004 studies each subject was provided with a
Palm Pilot PDA. The subjects familiarize themselves
with the Palm Pilot tests at Base Camp, allowing them
to eventually reach plateaus reflecting their respective
baseline performances after acclimatization. They also
practice the sentence comprehension and OMO or Wis-
consin Card Sorting tests and reading the word list.

VHF radio links are used to obtain speech samples
and administer tests at Camps 2 and 3, and at Camp 4
when possible. The climbers carry the Palm Pilots with
them and take the test battery at each location, some-
times repeatedly. The Palm Pilots are also used to
record the word-list speech samples, backing up the
VHEF radio transmissions. Our climber-subjects take the
cognitive tests, read the word lists, and converse with
our Base Camp research staff when they are hydrated
and are in warm, sheltered conditions. The subjects are
also tested and recorded on their return to Base Camp
after reaching the summit or giving up that goal. Be-
cause subjects are generally maximally exhausted on
returning to Base Camp but are no longer in acutely
hypoxic conditions, the corresponding data offer us a
means of factoring out the effects of fatigue from those
of hypoxia. Voice recordings from the VHF radio links
are recorded on digital tape recorders in both calm and
stressful situations throughout these test sessions.

RESULTS

The results discussed below are from experiments
run in 1993 (5 subjects), 2001 (11 subjects), 2002 (10
subjects), and 2003 (10 subjects). The findings of these
experimental sessions are consistent. We are currently
analyzing data from 12 subjects tested in 2004, and
report below on preliminary analyses of the implicit
contextual learning task.

We first observed suggestive relationships between
speech production and cognitive deficits on Everest in
our 1993 experiment (33,34). A battery of speech, syn-
tax, and cognitive tests similar to those we had used to
assess deficits in PD (32) was administered at Base
Camp and when climbers reached Camps 2 and 3. Their
VOT sequencing degraded, though to a lesser degree
than in PD; VOT values for voiced vs. voiceless stop
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Fig. 3. a) Histogram of VOTs for
words beginning with the stop conso-
nants “d” (filled bars) and “t” (cross-
hatched bars) produced by a climber
at Base Camp before attempting to as-
cend Mount Everest in 2003. b) VOT
histogram for “d” and “t” produced at
Camp 2 by the same climber. At this
higher altitude the VOTs now overlap,
with one “t” word showing an abnor-

0 5

consonants converged but did not overlap. Each sub-
ject’s minimal VOT separation width was determined
by subtracting the longest voiced consonant’s VOT
from the shortest unvoiced consonant’s VOT for each
place of articulation (b vs. p, d vs. t, g vs. k). The mean
minimal VOT separation width over all five climbers
decreased from 24.0 ms at Base Camp to 5.4 ms at Camp
3 (p < 0.001). The time needed to comprehend spoken
English sentences also increased. RTs were 54% longer
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mally short VOT within the normal
range for “d”.

at Camp 3 for simple sentences that are readily com-
prehended by 6-yr-old children. Simple sentence RTs
and VOT decrements were highly correlated (r =
-0.77).

Data from the 31 subjects tested in 2001, 2002, and
2003 have replicated these findings. These studies have
allowed us to refine our procedures and develop voice
metrics that track slight as well as profound cognitive
deficits. Computer-implemented analysis of hypoxic
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Fig. 4. Change in mean vowel duration with altitude for 10 subjects
from the 2002 Mt. Everest expedition. Durations were measured for 60
monosyllabic words produced by each climber at each location.

climbers’ speech shows that their VOTs converge com-
pared with their performance at Base Camp; in some
instances they even overlap. Fig. 3a shows a VOT his-
togram for “d”s and “t”s produced in word-initial po-
sition by one subject of the 2003 study at Base Camp
before he attempted to ascend Mt. Everest. Note that
the “d” and “t” ranges do not overlap. Fig. 3b presents
a similar histogram for the same subject at Camp 2. The
VOT ranges have converged and now overlap.

Vowel durations also increase at the high camps,
reflecting a general slowing down of motor function.
Vowel duration increases were an index of hypoxia in a
hypobaric chamber experiment that eliminated the ef-
fects of fatigue and cold (11). Fig. 4 shows the general
increase of average vowel duration for 10 subjects mon-
itored in 2002. The differences between Base Camp
before ascending and Camps 2 and 3 are significant
(p < 0.05). The difference between vowel duration at
Base Camp before starting the climb and on the climb-
ers’ return to Base Camp after reaching the summit of
Everest is not significant.

As noted above, studies of PD and focal lesions show
that VOT convergence and overlap can reflect impaired
motor sequencing resulting from degraded basal gan-
glia function. Like PD patients, hypoxic climber-sub-
jects appear to have difficulty in properly sequencing
lip and tongue maneuvers with laryngeal motor con-
trol. But as is the case for PD patients, they preserve the
intrinsic durational differences that differentiate En-
glish vowels and usually can execute the tongue and lip
maneuvers needed to produce the correct formant fre-
quency patterns for vowels and consonants (27,28,32).
The increase in climbers’ vowel duration is consistent
with the slowing of motor activity in PD as basal gan-
glia functions degrade (10,18,38). Hence the speech
changes in climbers are suggestive of a specific effect on
the basal ganglia.

Fig. 5a shows the typical pattern of decreased VOT
separation as a subject sensitive to hypoxia ascends to
. higher altitudes, followed by a return toward normal
ranges when the subject descends. Fig. 5b shows the
same subject’s sentence comprehension error rates at
the same locations. Note that as VOT separation width
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decreases, comprehension errors increase. For the 36
subjects studied in the 4 expeditions from 1993 to 2003,
mean RTs on sentence comprehension generally in-
creased at higher altitudes. Errors on the OMO test of
cognitive set shifting also tended to increase for many
of our subjects as they reached higher altitudes.

We have replicated and refined the general relation-
ship between VOT and sentence comprehension RT
noted in our 1993 Everest study (33,34). In our 2002 and
2003 Mt. Everest studies, we tracked VOT range con-
vergence by calculating the mean VOT separation for
each subject at each location. For each consonant pair
(e.g., b vs. p), we subtracted the mean VOT for the
voiced word-initial consonants from the mean voiceless
VOT. We then averaged over the three consonant pairs.
Mean VOT separation is thus a robust measure of a
subject’s ability to maintain the temporal sequence of
motor commands to lips or tongue so as to produce a
stop consonant burst and subsequently position and
tension the vocal folds of the larynx to initiate phona-
tion. The median value of comprehension RT increase
between higher and lower camps was computed across
all subjects and locations. The decrease in the mean
VOT separation with altitude was significantly greater

@
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Subject 2 - Sentence Comprehension Errors
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Fig. 5. a) Mean minimal distance between VOTs for the three stop
consonant pairs (b-p, d-t, g-k) as produced by a subject in the 2001
Everest expedition at Dingboche, at the high camps on Mt. Everest, and
on his return to Base Camp after reaching Everest’s summit. Dingboche
is a Sherpa settlement at 4200 m, below Base Camp, to which climbers
often descend during intervals of inclement weather that preclude
climbing. At the highest altitude (Camp 3), the subject exhibits overlap
between stop consonant categories, as indicated by a negative minimal
distance value. b) Errors on the sentence comprehension task made by
the same subject at the same altitudes. The error rate tracks the subject’s
speech motor control performance, with higher errors accompanying
reduced separation between VOTs for stop consonant pairs.
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(p < 0.01) in those instances where RT increases ex-
ceeded the median than when they were less than the
median.

Detecting Cognitive Impairment in Subjects at Risk

The focus of our Everest space analogue is to develop
metrics that will alert space crews at early stages of
cognitive dysfunction. It is not surprising that some
climbers are more resistant to hypoxia than others and
our speech and cognitive measures reflect these differ-
ences. We have made use of these individual differ-
ences to derive voice measures that identify subjects
with greater cognitive deficits.

We determined the degree to which decreased mean
VOT separation and increased vowel duration would
serve as predictors for increases in sentence comprehen-
sion RTs or OMO errors. Table I shows the hit, miss,
and false alarm rates calculated for these acoustic mea-
sures in our 2002 study. A hit was counted whenever a
subject whose speech showed effects suggesting hy-
poxic impairment exhibited evidence of cognitive de-
cline, as measured by increased OMO errors or in-
creased sentence comprehension RTs at a higher camp
compared with Base Camp or a lower camp. It was also
a hit if a subject with "hypoxia unaffected” speech did
not show cognitive impairments at higher camps. A
miss occurred when an individual exhibited a decline in
cognitive measures but the speech variables did not
indicate hypoxic impairment. Finally, a false alarm was
tallied if speech variables indicated hypoxic impair-
ment but the cognitive measures did not. Both speech
measures were good predictors, with increased vowel
duration giving the better hit rate. Vowel duration is
also increased in aged people who have difficulty com-
prehending the meaning of sentences (30).

Our 2003 Everest study piloted the MiniCog cogni-
tive test battery, which allows a more comprehensive
assessment of cognitive deficits. A significant positive
correlation (r = 0.61) was found between increased
vowel duration (slower speech) and RT in the verbal
working memory task. Verbal working memory in-
volves neural activity in cortical-striatal-cortical circuits
involving Broca’s area and its right hemisphere ho-
molog, as well as phonetic rehearsal mechanisms in
which motor circuits used to produce overt speech ap-
parently covertly maintain words in working memory
(21,25,27,28). RTs on the MiniCog spatial working
memory and vigilance tasks, which also place loads on
the neural substrates of working memory, showed
trends toward significant correlations with vowel dura-
tion. In contrast, performance on perceptual-motor

TABLE 1. DETECTION OF SENTENCE COMPREHENSION OR
SET-SHIFTING DEFICITS VIA SPEECH MEASURES.

Hit Miss False Alarm
Predictive Measure Rate Rate Rate
VOT mean separation 0.73 0.20 0.07
decrease .
Vowel duration 0.85 0.00 0.15
increase
B204

TABLE II. DETECTION OF WORKING MEMORY AND
VIGILANCE DEFICITS VIA SPEECH MEASURES.

Hit Miss False Alarm
Predictive Measure Rate Rate Rate
VOT mean separation 0.71 0.29 0.00
decrease
Vowel duration 0.43 0.43 0.14
increase

tasks that do not place demands on striatal circuitry
was not affected by altitude. The hit-miss-false alarm
procedure described above was applied to the Mini-
Cog working memory and vigilance tasks to determine
the degree to which acoustic metrics would identify
individuals who were slower at performing these cog-
nitive tasks at altitude; Table II shows the results*.

Shifts in personality have been traced to globus pal-
lidus lesions resulting from hypoxia (10,23,24,45). The
behavior of one of our climber-subjects, who spent 3 wk
at elevations exceeding 6500 m without supplementary
oxygen, appeared to reflect disinhibition similar to that
noted for basal ganglia lesions (10).

Implicit Contextual Learning

Preliminary analysis of the performance of Mt. Ever-
est climber-subjects on the 2004 memory retrieval task
(7) shows deficits that appear to reflect hypoxic insult to
the hippocampus. The data were analyzed by perform-
ing a statistical regression on the combined results of 24
implicit contextual learning tasks performed at Base
Camp before attempting to ascend Mt. Everest, at Camp
2, and at Camp 3. The regression of the Base Camp data
revealed a negative trend in RT for both new and re-
peated arrays. More importantly, the trend was more
negative for the repeated arrays than for the new ar-
rays. The regression coefficients were —1.24, p < 0.001,
and —0.90, p < 0.001, respectively. This difference can
be attributed to implicit contextual learning for the
repeated arrays. In contrast, at Camp 2, while signifi-
cant negative trends were again found for both new
(—1.06, p < 0.001) and repeated arrays (—0.90, p <
0.005), the benefit of repeated presentation was now
absent. At Camp 3, climber-subjects no longer exhibited
significant improvement for either new (—0.40, p =
0.17) or repeated stimuli (—0.21, p = 0.48). Thus the
implicit contextual learning effect present at Base Camp
is absent when subjects are tested in hypoxic condi-
tions. Based on the work with amnesics implicating the
hippocampus in this task (7), these data point to hip-
pocampal function being impaired by hypoxia.

Extreme Speech and Cognitive Deficits

With the exception of one individual, none of our
subjects have shown life-threatening cognitive dysfunc-

* The results for vowel duration are less robust than might be
expected from the significant correlation with verbal working mem-
ory because the criterion for a hit was that RT had increased for at
least two of the three tests: verbal working memory, spatial working
memory, and vigilance. ’
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tion on Mt. Everest. One young male climber was the
unfortunate exception. When tested at Base Camp after
acclimatization to altitude, he made no errors whatso-
ever on the OMO, and his speech was generally within
normal bounds. A dramatically different pattern was
seen 5 d later, at Camp 2. Acoustic analysis showed
aberrant motor control, similar to that of subjects hav-
ing profound bilateral basal ganglia damage (42), in 32
of 60 words. He also made OMO errors resembling
those of subjects with extreme basal ganglia dysfunc-
tion (13,42). The subject was able to form a cognitive set:
his first set of OMO sorts (done on the basis of size) was
error-free. However, when asked to shift the sorting
criterion, he had extreme difficulties. After starting to
sort the second set of images by shape, he reverted to
size. His error rate on each of the second, third, and
fourth sorts was 40%. No other subject had such ex-
treme set-shifting difficulties or profound speech pro-
duction anomalies.

When the subject was advised that he was not func-
tioning normally, he insisted that he was fine. However,
it became clear that the cognitive perseveration noted in
the OMO had impaired his decision-making ability and
altered his personality. The weather took a turn for the
worse, but despite the urgings of other climbers at
Camp 2 to descend with them to Base Camp, he per-
sisted in following his original schedule. He continued
to climb the next day through an intense storm to Camp
3, where he apparently suffered acute mountain sick-
ness. After two nights there, he fell to his death when he
attempted to descend to Camp 2 on the fixed ropes that
are anchored at intervals to the mountain. Climbers
secure themselves to these ropes by attaching a safety
harness to them with two carabiners (snap links). To
descend safely a climber must execute the proper se-
quence of motor acts at each anchor point, first unclip-
ping one carabiner and securing it to the next rope, then
doing the same with the second carabiner. Basal ganglia
dysfunction disrupts the execution of such internally
guided, sequential manual motor acts (10,38). Although
the subject’s death was not witnessed, it was evident
that his harness had not been secured. It is probable that
the motor and cognitive deficits discerned in our tests at
Camp 2 were implicated in his fatal accident. His re-
jecting the advice of other climbers in so obvious a
situation can be viewed as a shift in personality; he had
previously acted in a responsible manner.

We are guarding against similar incidents. This event
has been related to each new prospective climber-sub-
ject. Moreover, our informed consent form now re-
quires that team leaders as well as individual subjects
be informed when our procedures suggest cognitive
dysfunction.

DISCUSSION AND AIMS OF CURRENT
RESEARCH

Our studies demonstrate that cognitive impairments
as well as shifts in personality that could compromise
deep-space missions can be detected by means of com-
puter-implemented analyses of a person’s speech. Our
computer-implemented metrics would not impinge on
privacy or compromise mission security since they re-
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flect motor control only and do not reveal the content of
verbal messages. Moreover, the aspects of speech re-
flected in these metrics are not under conscious control,
so crewmembers will not be able to improve with prac-
tice or develop strategies for “fooling” the system. Our
goal is to refine and validate these speech metrics as
well as ones that reflect both task-induced and life-
threatening stress. Stress can severely compromise per-
formance and disrupt interpersonal relationships to the
point that a mission must be aborted.

Variations in the fundamental frequency of phona-
tion (FO) can signal emotion and affect, as well as reac-
tions to task-induced or emotional stress (4,8,9,21,35).
However, some past studies, including our own (35),
relied on speech samples produced by subjects who
were asked to read aloud written passages as though
they were conveying emotionally charged material.
This database may not reflect real-life situations. Fortu-
nately, studies of spontaneous speech in more realistic
situations have shown that several acoustic speech mea-
sures appear to track stress. For example, jitter, a mea-
sure of short-term variations in FO (26), correlates with
both behavioral and physiologic markers (heart and
breathing rates, pupil dilation, and cortisol levels) in
young children subjected to mild task-induced stress
).

A recent study demonstrated that the glottal source
spectrum — the distribution of energy at the higher
harmonics of F0 — may provide a robust measure of
extreme positive, extreme negative, or neutral emo-
tional states to human listeners (8). Speech samples
were derived from a real-world situation: utterances
produced by contestants on American TV quiz shows.
The contestants’ speech was recorded while they chat-
ted with the host, when they learned that they had
“"won” $50,000, and when they learned that they had
”lost” that sum. Vowel segments that varied in length
from 22 to 57 ms (median 30 ms) were then excised. One
hundred of these short segments were presented in
random order two times each to listeners who were
asked to rate whether the signal conveyed a positive,
negative, or neutral emotion and the degree to which
that emotion was conveyed. There were 3 sets of 10
listeners each that were used: native monolingual
American-English, French, and Korean speakers. The
listeners consistently associated the short segments
with the correct-emotional states. The responses of the
American, Korean, and French listeners did not sub-
stantially differ. The vowel segments were too short to
convey either the lexical content or the FO contours of
the utterances from which they were extracted; the
acoustic indicator of emotion that was present was the
glottal source spectrum.

In our 2004 Everest study, we recorded voice signals
from our climber-subjects during routine conversations,
while they performed cognitive tests that induce stress,
and in life-threatening situations. We will be comparing
voice stress metrics for the Everest data with similar
metrics for speech collected from subjects exposed to
task-induced stress in Dinges’s NSBRI-funded labora-
tory study at the University of Pennsylvania (see 12).

Our techniques have broader potential applications
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than to space travel alone. In general aviation they
could be used to monitor crews for effects of hypoxia
resulting from depressurization, which has led to flight
disasters in the past. We have applied our speech-
analysis methods to the diagnosis and treatment of PD
and other degenerative conditions. The MiniCog and
implicit memory tasks could be used for the early de-
tection of Alzheimer’s dementia. Speech sequencing
and cognitive deficits similar to those noted on Mt.
Everest are apparent in our ongoing pilot study of
children with verbal apraxia deriving from hypoxic
basal ganglia damage during birth (2,5).
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