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R E S E A R C H  A R T I C L E

     C
limbing and trekking at altitudes up to 12,000 ft  (3658 m) 

are common recreational activities. Military operations 

at this altitude are also common. A decrease in ambient 

pressure at this altitude aff ects the cardiorespiratory systems. 

Th ese changes can impact cognitive function, which in turn 

may reduce performance and increase risks to the participant. 

Maintaining cognitive function is important to optimize safety, 

particularly during ascent and descent. In comparison to sea 

level, there is a reduced partial pressure of O 2 , secondary to 

reduced barometric pressure. Th is results in an increase in ven-

tilation (  V  E ) for a given   V  o  2 .  20 , 24   At sea level, ventilation is 

driven by arterial CO 2  (P a  co  2 ). At altitude the ventilatory drive 

is mediated via hypoxia. Ventilation is increased primarily by 

an increase in breathing frequency (fb ).  20 , 23   Th e hypoxic venti-

latory drive increases the work of breathing and the metabolic 

cost of the respiratory muscles.  24   Th e relative hyperventila-

tion at altitude paradoxically causes a decrease in arterial CO 2 . 

Moreover, cardiac output is increased at altitude.  8   Th is leads to 

reduced transit time and alveolar/end-capillary diff usion equil-

ibration. Th ese changes would exacerbate the reduction in arte-

rial P o  2  from altitude per se. Additionally, oxygen release from 

the blood to the tissues is impaired by the Haldane eff ect. Th is 

increases oxygen affi  nity of the blood when the blood pH is 

rendered more alkaline as during hyperventilation. Individuals 

exercising ventilation at altitude may become fl ow limited dur-

ing higher-intensity exercise. Flow limitation has been shown 

to increase the work of breathing and contribute to premature 
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    BACKGROUND:   Hiking and trekking often occur at altitudes up to 12,000 ft altitude. The hypoxia-induced hyperventilation at altitude 

paradoxically reduces arterial CO 2  (P a  CO  2 ). A reduction in P a  CO  2  results in vasoconstriction of the blood vessels of the 

brain and thus in local hypoxia. The local hypoxia likely aff ects cognitive function, which may result in reduced perfor-

mance and altitude accidents. Recent publications have demonstrated that voluntary isocapnic hyperventilatory 

training of the respiratory muscles (VIHT) can markedly enhance exercise endurance as it is associated with reduced 

ventilation and its energy cost. VIHT may be useful in blunting the altitude-induced hyperventilation leading to higher 

P a  CO  2  and improved cognitive function. 

   METHODS:   This study examined the eff ects of VIHT, compared to control (C) and placebo (PVIHT) groups, on selected measures of 

executive functioning, including working memory and processing speed (i.e., Stroop Test, Symbol Digit Modalities Test, 

and Digit Span Forward) at simulated altitude up to 12,000 ft. Associated physiological parameters were also measured. 

   RESULTS:   The Digit Span Forward Test did not show improvements after VIHT in any group. The VIHT group, but not C or PVIHT 

groups, improved signifi cantly (17 – 30%) on the Stroop Test. Similarly the VIHT group, but not the C and PVIHT groups, 

improved correct responses (26%) and number of attempts (24%) on the Symbol Digit Modalities Test. In addition, 

reaction time was also improved (16%). 

   CONCLUSION:   VIHT improved processing speed and working memory during exercise at altitude.   
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fatigue of the respiratory muscles.  12   In fact, maximal aerobic 

exercise capacity is reduced at altitude.  6 , 8   

 Exercise and hypoxia-induced hyperventilation at altitude 

may compromise cognitive function. Further hyperventilatory 

drive caused by respiratory muscle fatigue during sustained 

exercise has been reported from studies at 1.0 ATM.  5 , 17   Simi-

lar eff ects have also been reported at depth (during diving).  21   

Th e combined eff ects of hyperventilation are likely to reduce 

P a  co  2 . CO 2  is known to be a potent vasodilator. A reduction in 

P a  co  2  may induce constriction of the blood vessels of the brain, 

resulting in local hypoxia. Additionally, blood fl ow may be 

diverted to the respiratory muscles from other muscles  10   and 

perhaps even the brain in spite of the elevated cardiac output 

reported at altitude.  8   Th e combination of these eff ects on brain 

blood fl ow may aff ect cognitive function. Some studies have 

linked impaired neuropsychological function under hypoxia not 

only to low oxygen content in the blood,  13 , 27   but also to a reduced 

brain blood fl ow. Oxygen supply to the brain may be reduced by 

low P a  co  2  due to the refl ex hyperventilation. While the hyper-

ventilation does add oxygen to the blood the simultaneous 

vasoconstriction due to the lowered CO 2  pressure in arterial 

blood may actually be more important.  13   Research has shown 

that subjects exposed to simulated altitude showed improved 

mental performance when, to induce brain vasodilatation, CO 2  

was added to breathing air with reduced O 2  pressure.  13   

 Some studies have shown that a short bout of low intensity 

exercise improves cognitive function.  15   Th ese same studies 

demonstrated that cognitive function is depressed at higher 

work rates and at altitude.  15   Many studies at altitude and simu-

lated altitude have shown a signifi cant reduction in cognitive 

function  3 , 4 , 28   and increased reaction time  15   at altitude from 

3,900 m to 8,848 m. 

 Countermeasures to protect cognitive function at altitude 

like exercise training  28   or treatment with acetazolamide  28   have 

not been eff ective. Climbers acclimatized at 7,546 m altitude 

did not have impaired cognitive function, however acclimati-

zation takes many days. Another possible mechanism to stifl e 

cognitive dysfunction could be to blunt the altitude-induced 

hyperventilation secondary to respiratory muscle fatigue. Th is 

can be achieved by specifi c training of the respiratory muscles 

(RMT).  5 , 17   Th e predicted benefi t of RMT in relation to exercise 

at altitude would be to mitigate excessive carbon dioxide elimi-

nation. Moreover, the training may prevent the shunting of 

blood from locomotor muscles and the brain by reducing respi-

ratory work at altitude, changes which have previously been 

shown at increased pressure.  11 , 21   

 A large number of recent publications have demonstrated 

that RMT can markedly enhance exercise endurance at 

ground level (+69%)  17   and particularly improves endurance 

under environmental conditions such as diving (+86%) that a 

priori challenge lung function.  21   Studies have shown that aft er 

RMT the paradoxical hyperventilation due to respiratory 

muscle fatigue was absent and exercise endurance was 

extended by 30 – 86%.  17 , 21   We propose exercise ventilation at 

altitude will be reduced aft er RMT. Th is may preserve a rela-

tively normal P a  co  2 . Attenuation of this change in P a  co  2  may 

promote relaxation of brain blood vessels and improve brain 

oxygenation and cognitive function. 

 We hypothesize that specifi c training of the breathing 

muscles (RMT) may substantially improve cognitive function 

during moderate-to-high intensity exercise at altitudes of 

10,000 to 12,000 ft  (3048 to 3658 m) of simulated altitude. 

Additionally, we hypothesize that those improvements will be 

brought about by modifying the hyperventilation that sponta-

neously occurs with ascent to altitude and is exacerbated by 

exercise.  

 METHODS  

    Subjects 

 Th is study was approved by the Institutional Review Board and 

subjects signed written informed consent prior to study partici-

pation. All subjects were given a physical examination and 

were familiarized with the protocol and procedures, including 

the altitude chamber. Subjects then performed a short period 

of specifi c RMT termed Voluntary Isocapnic Hyperventila-

tion Training (VIHT, described below). Only men were stud-

ied due to the requirement of the sponsor. The physical 

characteristics of the subjects on average were 23.7  6  2.2 yr 

of age, 178  6  2 cm in height, 74.75  6  3.11 kg in weight, and 

had   V  o  2max  on a cycle ergometer in the altitude chamber of 

2.95  6  0.20 L · min  2 1 .   

 Procedures 

 Th is study was a controlled repeated measures design with the 

subjects acting as their own controls. Two groups of fi ve sub-

jects each performed VIHT for 4 wk aft er the pre-VIHT testing 

and then completed the post-VIHT. Another group of fi ve per-

formed a placebo of VIHT (described below). In addition, one 

group of fi ve subjects served as a control group as they were 

retested 3 mo aft er VIHT when their respiratory muscles were 

de-trained. Due to the complexity and cost of performing 

these experiments at altitude, the experimental groups were 

done fi rst to see whether VIHT had a positive eff ect on cognitive 

function. Once improvements aft er VIHT were detected the 

placebo and control groups were studied. For purposes of 

improving safety, the fi rst experimental group was studied 

at an altitude of 10,000 ft  (3048 m). Based on the success of 

these subjects the second fi ve subjects were studied at 12,000 ft  

(3658 m), as were the placebo and control groups. Subjects were 

not randomized as they oft en encountered each other during 

testing and training and we did not want the control and placebo 

group to recognize they were doing diff erent things than the 

experimental group. Th e VIHT was performed 3 days per week. 

 Subjects completed a   V  o  2max  test at sea level inside an alti-

tude chamber on an electrically braked cycle ergometer (Collins 

Pedal Mate). One week later they completed an exercise endur-

ance test to voluntary exhaustion at altitude in the chamber at 

nominally 70 – 75% of their individual maximal   V  o  2max  previ-

ously determined at sea level (pre-VIHT). Aft er the pre-VIHT 

the subjects completed 4 wk of VIHT consisting of three 
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sessions per week, for 30 min each session (12 sessions). One 

week aft er completion of the VIHT, they repeated the pre-VIHT 

testing using the same equipment and workload (post-VIHT). 

Subjects in the control group were those that had performed 

the experimental training protocol previously. A training wash-

out period of 3 mo of no VIHT was implemented. Subse-

quently the subjects returned to the laboratory and repeated 

the exercise endurance test to voluntary exhaustion at altitude. 

Th e placebo group performed the pre-VIHT, post-VIHT bat-

tery of tests. However, instead of doing VIHT subjects per-

formed breath-holds for periods of 10 s with 30 s of rest in 

between each breath-hold maneuver. Th ey performed 3 ses-

sions per week, for 30 min each session (12 sessions) as were 

performed for the VIHT. Th e subjects used the same device as 

for the VIHT. One training session was comprised of 45 cycles 

of the breath-hold maneuver. Th is placebo training was termed 

(PVIHT). 

 Th e subject and two safety monitors participated inside the 

altitude chamber. Th ere was a technician at a data collection 

computer and another recording gas volumes and concentra-

tions and keeping time. A third technician operated the cham-

ber and observed the subjects and safety monitors via a porthole 

in the wall of the altitude chamber and a video monitor. A prin-

cipal investigator and a medical monitor supervised the experi-

ment and evaluated ECG and arterial O 2  saturation (S a  o  2 ). 

Communication from the outside of the chamber to the safety 

monitors inside was maintained via two-way radio headsets. 

Th e subject wore a harness to prevent them from falling from 

the bike in case of loss of consciousness due to hypoxia. In addi-

tion, a safety platform was available inside the chamber to lay 

the subject supine in the event of loss of consciousness. An 

aviation-style oxygen mask was available if needed. Th e altitude 

tests were performed in a pressure chamber at a pressure equiv-

alent to an altitude of 3000 m (10,000 feet, 0.7 ATA, 70 kPa) or 

3658 m (12,000 ft , 0.66 ATA, 67 kPa). Th e subjects were seated 

erect in air on a cycle ergometer. Subjects breathed chamber gas 

during ascent and descent. While exercising, subjects breathed 

fresh air at chamber pressure from a bag-in-box system via a 

two-way mouthpiece. Th e bag-in-box had a linear displace-

ment spirometer connected to the box for setting inspired bag 

volume and determining tidal volume during the experiment. 

 Prior to beginning VIHT the subject ’ s maximum oxygen 

uptake (  V  o  2max ) was determined using a progressive resistance 

test on an electrically braked (Collins Pedal Mate) cycle 

ergometer. Subjects pedaled at 60 rpm and the work rate was 

set initially at 50 W. Th e workload was increased in 50 W incre-

ments until voluntary exhaustion. 

 One to two weeks aft er the   V  o  2max  test the subjects also 

completed a cycle endurance test to voluntary exhaustion at a 

workload 70 – 75% of the predetermined sea level   V  o  2max . In 

addition to exercise time, measures of ECG, S a  o  2 ,   V  o  2max ,   V  E , 

end-tidal CO 2  (ET co  2 ), cerebral blood fl ow velocity (CBFv), 

and cerebral O 2  saturation were measured throughout the test. 

 At the surface, S a  o  2 , heart rate (HR), mean CBFv (left  and 

right) and cerebral O 2  saturation were measured. Aft er sea level 

control readings were taken, the chamber was depressurized to 

10,000 or 12,000 ft  (3048 to 3658 m) simulated altitude. At alti-

tude, control readings were taken at rest. Th e subject breathed 

from a mouthpiece with one way inspiratory and expiratory 

valves mounted inside a facemask. Th e inspired and expired 

hoses from the mouthpiece were connected to the respective 

side (bag) of the bag-in-box. Th e inspiratory bag had a near 

constant fl ow of fresh air so that the subject always had fresh 

air. Th e air supplied to the inspiratory bag was compressed air 

from large storage tanks. Two mass spectrometers were used —

 one connected to the barrel  “ dump ”  line from the expiration 

bag to determine mixed expired gas concentrations, and the 

other to the exhalation side of the mouthpiece for determina-

tion of ET co  2 . 

 After resting collections the subject began pedaling at 

60 rpm with a workload of 70 – 75% of their individually pre-

determined   V  o  2max . Once the subject had pedaled for 2 min, 

cognitive assessment began. Th e subject was attached to the 

expired bag in the bag-in-box system. Gas collections were 1 min 

and concurrent S a  o  2 , HR, and CBFv were recorded. Th e gas in 

the expired bag was vented to the outside of the chamber 

through a dry gas meter for determination of   V  E . Aft er expired 

gas collection was complete, the subject was connected to the 

inspired breathing bag containing humidifi ed air. Th e process 

of collecting and dumping gas was repeated every 3 min. Aft er 

the subject reached voluntary exhaustion the chamber was 

returned to sea level and the subject exited the chamber. Th e 

experiments on each subject were done on the same day of the 

week and at the same time-of-day to minimize the eff ects of 

circadian rhythms. 

 Th e cognitive tests were given in a specifi c order following a 

fi xed time schedule. Th e tests administered were the Stroop 

Test Primer A, followed by Stroop Test Primer B, and then the 

actual Stroop Test (Stoelting Co.,Wood Dale, IL). As the Stroop 

Test Primer A and Stroop Test Primer B were given as practice, 

only the actual Stroop Test data are reported. Th e Stroop Test 

was followed by the Digit Span Forward Test (PsychCorp/

Pearson, San Antonio, TX) and Symbol Digit Modalities Test 

(Western Psychological and Counseling Services, Portland, OR). 

Th e time of the testing in relation to exercise time was fi xed 

pre- and post-VIHT. Th e number of attempts, number of cor-

rect responses, as well as the percent correct responses were 

the dependent variables. 

 Once the subject had been pedaling for 2 min at altitude, 

the Digit Span Forward Test commenced and lasted for 2.5 min. 

A 1-min break followed. Th e subject then began the Stroop 

Color Word Test which lasted for 5 min and was again fol-

lowed by a 1-min break. Next, the Symbol Digit Modalities Test 

was administered. Th is test lasted 90 s. Aft er the cognitive tests 

were completed, the subject continued to exercise. A choice/

reaction-time task was performed from completion of the 

Symbol Digit Modalities Test until exhaustion. For the Digit 

Span Forward Test and Stroop Color Word Test the subjects ’  

responses were taken and recorded via a microphone inside 

the facemask. 

 Th e Digit Span Forward Test is a widely used test that even 

had a version incorporated into the fi rst edition of the Wechsler 

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access



AEROSPACE MEDICINE AND HUMAN PERFORMANCE Vol. 87, No. 1 January 2016  21

RESPIRATORY MUSCLE TRAINING — Quackenbush  et al. 

Intelligence Scale published in 1939.  29   It has remained on sub-

sequent versions of the Wechsler Intelligence Scale and is thus a 

subtest on the most recent version of the Wechsler Adult Intel-

ligence Scale, 4 th  edition. Th e Digit Span test is composed of a 

Digit Span Forward and Digit Span Backward task and the 

additive scores of these two subtests yields a Digit Span score. 

For the purposes of this experiment, only Digit Span Forward 

was used. Th e test involves rote learning and memory, simple 

attention, encoding, and auditory processing.  22   It is also thought 

to measure the storage and maintenance components of work-

ing memory.  31   Digit sequences are presented verbally begin-

ning with two digits and increasing in length by one digit, up to 

a maximum of nine digits. Two diff erent trials were presented 

for each string length. Th e subject was required to repeat the 

string aloud when the test administrator was done presenting 

the string.  22   Aft er the experiments, the recorded tapes were 

played back and the number of attempts and number of correct 

attempts were determined, and the percent correct responses 

calculated. 

 Th e Stroop Color Word Test assesses the ability of an indi-

vidual to sort information from his or her environment and 

selectively react to this information rapidly; it falls under the 

broad category of executive functioning. For this test the sub-

jects were shown a standard stimulus sheet that had columns of 

color words (i.e., red, green, blue) printed in diff erent colors of 

ink. Th e subject was instructed to say the color of the ink that 

the word was printed in instead of reading the word itself. Th e 

test was comprised of two 45-s trials with 1 min of rest between 

trials. Th e number of attempts and number of correct attempts 

were then determined by listening to the recordings and the 

percent of correct responses was calculated. Th is test was born 

out of the idea by early experimental psychologists that naming 

colors is slower because it requires conscious eff ort as opposed 

to reading names of colors, which was thought to be more auto-

matic. Stroop  25   hypothesized that the diff erence in color nam-

ing and word reading was due to colors being associated with a 

variety of cognitive functions while words were associated with 

one behavioral response, namely reading. Th e challenge in the 

task stems from interference with consciously naming a color 

by a more automatic verbal processing response. Volitional 

control is required on behalf of the subject to suppress the auto-

matic word reading response. 

 Th e Symbol Digit Modalities Test was administered last. Th e 

Symbol Digit Modalities Test (SDMT) is a well-known neuro-

psychological test that assesses processing speed and working 

memory. It involves converting meaningless geometric designs 

into written and/or oral number responses based on a key that 

pairs each symbol with a corresponding number, 1-9. In the 

original version, subjects had to visually scan a key of number/

symbol pairings and then verbally tell the examiner the correct 

number that is associated with randomly presented symbols as 

fast as possible. In this study, one of the eight strands of symbols 

of the standard form were randomly selected and shown to the 

subject, which consisted of (insert number) symbols, and he 

had to indicate which number was associated with it by point-

ing to the corresponding number placed in front of them. Th ey 

  
 Fig. 1.        Ventilation during VIHT training (mean  6  SD) is plotted as a function of 

the number of the training sessions. The solid line is the best linear fi t and the 

characteristics of the fi t are shown in the fi gure. Training ventilation increased 

signifi cantly as a function of training days.    

were not required to memorize the paired symbol/number 

associations; the  “ key ”  that depicts the paired associations was 

present for the subject to reference during the task. All data for 

the SDMT was recorded on a computer located outside of the 

altitude chamber. A LabVIEW (Austin, TX) program provided 

a continuous plot of all responses to the SDMT. Aft er comple-

tion of the test, the number of attempts and number of correct 

responses were determined. Th e outcome measure is the total 

number of correct responses in 90 s. 

 A multistimulus choice reaction-time test (devised in-

house) was performed aft er the cognitive tests. A small screen 

in front of the subject was illuminated with fl ashes of red, green 

or blue light initiated in random order by a microcontroller. 

Before the test began the subject was told which color he should 

respond to (red, green or blue) by, as quickly as possible, press-

ing a push button on the handle bar of the ergometer cycle. Th e 

microcontroller measured (ms) the time between light illu-

mination and the depression of the pushbutton, aft er which one 

of the colored lights would immediately appear to be responded 

to. If two seconds elapsed without a response the program 

moved on to the next color illumination. If the push button was 

depressed when a color other than the one scheduled was 

fl ashed, this was recorded and stored on the computer as an 

attempt, but not a correct attempt. A LabVIEW (Austin, TX) 

program provided a continuous plot of reaction times. Th e test 

continued running until the subject reached exercise exhaus-

tion on the ergometer cycle.     

 RESULTS 

 All 10 subjects completed 12 sessions of VIHT and 5 subjects 

completed 12 sessions of PVIHT. The average ( 6  SD) of 

the training ventilations for the VIHT group are shown as a 

function of the number of training sessions in     Fig. 1  . Th ere 

were significant increases in training ventilations from 
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102.88  6  15.93 L · min  2 1  to 141.90  6  14.44 L · min  2 1  [ F (1,4)  5  

41.82,  P   5  0.003] that amounted to 38% over the 12 wk of 

training in the VIHT group. Th e placebo group performed 

training 5 days a week, however their training was designed not 

to increase ventilation and the breathing procedure was held 

constant over the 4 wk of training (12 sessions).     

 Oxygen saturation at sea level was not diff erent among the 

three groups and averaged 97  6  2% saturation. At altitude dur-

ing both rest and exercise S a  o  2  decreased within the fi rst 2 to 

5 min and then did not change signifi cantly throughout the 

time at each investigated condition. Th us, the steady state val-

ues at each condition were compared. At rest at altitude the S a  o  2  

decreased from sea level to 90  6  2% saturation at 10,000 ft  and 

86  6  3% saturation at 12,000 ft  pre-VIHT [ F (1,9)  5  230,  P   5   �  

0.001] and was not signifi cantly aff ected by VIHT [ F (1,9  5  

1.20,  P   5  0.79]. During exercise S a  o  2  decreased further to 81  6  

3% saturation at 10,000 ft  and 84  6  4% saturation at 12,000 ft  

pre-VIHT [ F (1,9)  5  48.71,  P   5   �  0.001], and was not signifi -

cantly aff ected by VIHT [ F (1,9)  5  4.20,  P   5  0.11]. Th e data for 

VIHT and PVIHT groups at 12,000 ft  simulated altitude were 

not diff erent from each other under any of the investigated 

conditions [F(1,9)  5  2.35 to 1.78,  P   5  0.95 to 0.77]. It is note-

worthy that during the tests when the subjects were speaking, 

their S a  o  2  decreased an average of 5.8  6  2.5% both on the pre- 

and post-VIHT and PVIHT tests. 

 Endurance exercise   V  o  2  was 2.18  6  0.22 L · min  2 1  (70% of 

1ATA   V  o  2max ) both pre- and post-VIHT and PVIHT. Endur-

ance exercise time increased signifi cantly in the VIHT groups 

from 17.27  6  4.24 to 24.20  6  2.21 min [ F (1,9)  5  18.71,  P   5  

0.012], while it did not change in the PVIHT group [17.66  6  

3.11 vs. 16.91  6  1.8 min,  F (1,4)  5  0.18,  P   5  0.69]. 

 Th ere were no signifi cant diff erences in the pretest data for 

all cognitive tests taken together between the placebo and con-

trol groups and the VIHT group [ F (3,19)  5  0.63,  P   5  0.442].  

    Digit Span Forward Test 

 For the placebo and control groups there were no signifi cant 

pre- to post- score diff erences for either correct responses [12  6  

3 vs. 12  6  3,  F (1,9)  5  3.09,  P   5  0.15] or % correct responses 

[76  6  17 vs. 76  6  17,  F   5  2.67 (9,1),  P   5  0.18]. In the VIHT 

group there was only a 4% (nonsignifi cant) increase in correct 

responses [12  6  3 vs. 12  6  3,  F (1,9)  5  3.09,  P   5  0.15] or % cor-

rect responses [ F (1,9)  5  0.079,  P   5  0.785]. Th us VIHT did not 

aff ect the Digit Span Forward score. 

 On the Stroop Test the VIHT group improved signifi cantly 

on correct attempts (17 – 27%) and their number of attempts 

(17 – 30) [ F (1,9)  5  5.51,  P   5  0.03 and  F (1,9)  5  26.96,  P   5  0.007] 

(    Fig. 2  ) and they maintained their accuracy [% correct  5  98  6  

2%,  F (1,9)  5  0.56,  P   5  0.475]. Th e pre- and postvalues for the 

placebo group for number of attempts [ F (1,9)  5  0.17,  P   5  0.70] 

or correct attempts [ F   5  0.35 (9,1),  P   5  0.59] were not signifi -

cantly diff erent from each other [ F (1,9)  5  0.35,  P   5  0.59].     

 With regard to the Symbol Digit Modalities Test, the VIHT 

group improved their correct responses (26%) and number 

of attempts (24%) ( Fig. 2 ), however these diff erences did not 

reach statistical significance [ F (1,9)  5  1.81,  P   5  0.21 and 

  
 Fig. 2.        Number of correct (Cor) and attempted (At) responses for the Stroop 

Test (St) and Symbol Digits Forward Test pre- and post-VIHT. Values are mean  6  

SD and the * indicates that the post-VIHT value is signifi cantly diff erent from 

pre-VIHT ( P   ,  0.05). VIHT signifi cantly increased the number of attempts and 

correct responses for both the Stroop and SDMT tests.    

  
 Fig. 3.        Reaction times averaged across the exercise time measured during the 

cognitive protocol pre- and post-VIHT. Values are mean  6  SD and the * indi-

cates signifi cant diff erence from pre-VIHT. Reaction time was 16% faster after 

VIHT than pre-VIHT.    

 F (1,9)  5  1.97,  P   5  0.19, respectively]. By contrast, the placebo 

group did not have any improvements in this test [ F (1,9)  5  

0.06,  P   5  0.82;  F (1,9)  5  1.46,  P   5  0.29] for attempts and % cor-

rects attempts, respectively. 

 In addition to the cognitive test improvements, complex 

reaction time was also improved (    Fig. 3  ). In the VIHT group 

the number answered increased 71% and the correct responses 

68%, although not signifi cantly [ F (1,9)  5  3.348,  P   5  0.24 and 

 F (1,9)  5  0.96,  P   5  0.38, respectively]. Although the number 

of answers and correct responses were not signifi cant, the 

absolute complex reaction time decreased from 373  6  41 

to 335  6  60 ms [ F (1,9)  5  4.69,  P   5  0.05] in the VIHT group, 

but not in the placebo or control groups [412  6  194 vs. 411  6  

190 ms,  F (1,9)  5  0.056,  P   5  0.82].     
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 Th e physiological data are presented in     Table I   for all groups. 

Th e data for the pretest were not diff erent among the groups of 

tests and thus are shown as the average of all groups. Th e post-

test data for VIHT, Control and Placebo groups, along with sta-

tistics are also shown in  Table I  comparing the individual 

groups ’  pre- to posttest values. Th e   V  o  2  on the Pretest averaged 

2.41 L · min  2 1  and was not diff erent during the posttests. HR 

during the exercise averaged 175 bpm and was not diff erent 

during the posttests for any group. Th e exercise   V  E  averaged 

106.33 L · min  2 1  and was not diff erent during the posttests for 

any group. Both respiratory rate (53 breaths) and tidal volume 

(2.06 L) were not diff erent during the posttests for any group. 

ET co  2  was 4.76% on the pretest and was not diff erent during 

the posttests for any group. Similarly, CBFv was not diff erent on 

the posttest compared to the pretest which averaged 38 cm/s. 

While   V  E  was not aff ected by VIHT, there was tendency for VT 

to be higher (13%) and RR lower (8%) aft er VIHT.         

 DISCUSSION 

 To examine the potential benefi t of VIHT to maintain cogni-

tive function at altitude this study was conducted while exer-

cising at an altitude common in climbers, trekkers, and military 

personnel. Collectively, cognitive function was improved by 

VIHT, but not by PVIHT or in the control group on three of the 

four cognitive measures. Th e improvements due to VIHT 

appear to be executive functioning (Stroop Test), and more spe-

cifi cally processing speed (Symbol Digit Modalities Test and 

reaction time test) and working memory (Symbol Digit Modal-

ities Test). Th e hypothesis that VIHT would reduce   V  o  2  and 

  V  E  and thus increase P a  co  2  and CBFv was not supported by 

the data from the present study. 

 Altitude and simulated altitude have been shown to signifi -

cantly reduce cognitive function.  3 , 4 , 28   In addition, intense or 

fatiguing exercise depresses cognitive function at altitude.  15   

Psychosensorimotor, reasoning and mental learning pro-

cesses of climbers at simulated altitude of 8848 m (29,029 ft ) for 

31 d deteriorated progressively as they advanced from 5500 to 

6500 m (18,045 to 21,225 ft ),  1   suggesting that the eff ects of alti-

tude is a cortico-limbic rather than basal ganglia-sensorimtor 

system function.  1   Subjects who trekked to 4554 m (14,941 ft ) 

had impaired neurocognitive testing, and it was associated 

with a marker of loss of integrity of the blood-brain barrier. In 

addition, decreased brain-derived neurotropic factor and ele-

vated infl ammatory factors have been shown at an altitude of 

4554 m.  16   Most studies of cognitive function at altitude were 

conducted at rest. Previous studies during acute exercise  2   and 

chronic exercise  9   at 1 ATA have demonstrated that the subjects 

had improved executive function. 

 Previous studies have looked at the eff ects of ways to inhibit 

cognitive dysfunction at altitude. In a cross sectional study it 

was shown that exercise-trained subjects did not have improved 

cognitive function at altitude. Specifically, in comparing 

trained military operators to nontrained subjects tested on the 

fi ft h day of ascent to 3900 m (12795 ft ), both had decreased 

accuracy in cognitive tests and took longer to fi nish. Although 

trained military operators performed better before ascent, 

they showed greater declines than nontrained subjects at alti-

tude.  16   A longitudinal study demonstrated that physical fi t-

ness enhances cognitive functioning, specifically flexibility 

and control, but not working memory at altitude.  26   In the 

present study VIHT resulted in a signifi cant improvement on 

three of four cognitive tests, thus is a good countermeasure for 

acute exposure to altitude. Th e changes in cognitive function 

with physical fi tness have been attributed to dopaminergic 

modulation based on diff erent Met alleles between runners 

and an unfi t group,  26   although this may or may not be the case 

aft er VIHT. 

 VIHT signifi cantly improved both the number of responses 

and the number of correct responses on the Stroop task, and 

thus maintained the accuracy of the increased response rate 

during exercise at altitude. Improvement in the speed of pro-

cessing cognitive information was also shown by the signifi cant 

improvement in choice reaction time by VIHT. Th e fi nding 

that these improvements were during exercise at altitude is 

important as acute exercise at 40 – 80% of peak power caused 

an increase in switching function, and error rates, particularly in 

 Table I.        Physiological Data among the Groups of Subjects for Pre- and Post-VIHT, Post-Control, and Post-PVIHT.  

  PRE VIHT CONTROL PLACEBO F  P   

    V   O  2 L · min  2 1 2.41 2.49 2.15 2.26 3.397 0.207 

 0.14 0.13 0.54 0.26  

 HR bpm 175 180 175 167 22.23 0.42 

 4 3 2 11  

   V   E L · min  2 1 106.33 108.98 117.86 95.96 0.986 0.425 

 7.48 9.68 10.25 11.4  

 RR breaths 53 49 61 47 0.876 0.448 

 3 7 2 8  

 TV L 2.06 2.34 1.93 2.05 3.471 0.203 

 0.06 0.29 0.13 0.34  

 ET CO  2 % 4.76 4.68 4.79 4.72 0.304 0.746 

 0.4 0.66 0.52 0.56  

 CBFv cm · s  2 1 38 36 37 35 6.055 0.133 

 5 8 7 5   
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lower fi t persons, on the modifi ed-Stroop task (denomination, 

inhibition, and switching conditions).  15   Th e negative eff ect of 

exercise is supported by another study that demonstrated that 

high levels of training that cause a reduction in exercise per-

formance (over training) resulted in lower levels of executive 

function.  7   Th ese eff ects appear to have been countered by VIHT 

in the present study where exercise was carried out at 70 – 75% 

of maximal   V  o  2  and cognitive function was improved com-

pared to pre-VIHT, but not PVIHT or control. 

 In the present study, VIHT signifi cantly improved both the 

number of responses and the number of correct responses on 

the SDMT, thus maintaining the accuracy of the increased 

response rate. Although controversies have been longstanding 

regarding the exact location in the brain in which processing 

verbal and nonverbal information occurs, it is an accepted 

notion that the left  hemisphere is predominantly responsible 

for processing language, including speaking, writing, and read-

ing, and to some extent, comprehension of speech. Th e right 

hemisphere then has been thought to play a similar pre-

dominant role in visual-perceptual, spatial-constructional, and 

nonverbal reasoning functions. As such, with the SDMT sub-

stituting meaningless geometric symbols for numbers involves 

many functions in both the left  and right cerebral hemispheres, 

in addition to the forebrain commissures that connect the two 

hemispheres and facilitate integration of verbal and nonverbal 

cognitive functions involved. 

 Cognitive defi cits at high altitudes (12,000-25,000 ft ), Digit 

Span and Digit Symbol subsets from the Wechsler Adult Intel-

ligence Scale-Revised, the Vandenberg Mental Rotation Test, 

and the near-contrast sensitivity portion of the Vistech VCTS 

6000 Chart showed no eff ect on a vigilance task, however there 

were signifi cant defi cits in recall for high, but not low memory 

loads. In the present study VIHT did not signifi cantly improve 

the scores on the Digit Span Forward test. Th is suggests that 

VIHT did not improve recall for high memory loads. However, 

another explanation is that the Digit Span Forward test has 

a fi xed number of responses, as opposed to the Stroop and 

SDMT tests where the number of attempts and accuracy were 

improved, and thus the speed of attempts was not an issue, only 

the correctness of the responses, which was unaff ected by VIHT 

as the Digit Span Forward is not mediated by a speed of pro-

cessing component which seems to be the common factor that 

VIHT aff ects. At 4500 m it has been reported that there were no 

defi cits in word fl uency, word association, or lateralized lexical 

decision performances indicating frontal lobe function was 

preserved at altitude  19   and thus the Digit Span Forward test 

may not have been eff ected by exercise and altitude in our study 

pre-VIHT, thus there was no improvement. Th is point of view 

is supported by the high percentage of correct response on the 

pre-VIHT test. 

 Another index of cognitive function is complex reaction 

time, which has been shown to be increased at altitude.  15   In 

addition, reaction time has been shown to increase during 

moderate exercise (60%   V  o  2max ), however it was not impacted 

further by hypoxia (15% O 2 ). Mechanisms of the altitude-

induced defi cits may be in its eff ect on slowing action potentials 

as demonstrated by measures of the auditory event-related 

potentials.  30   Another study showed changes in latency and 

amplitude of selected potentials refl ecting slowed sensory dis-

crimination and evaluation processes,  14   and this may be 

responsible for the slow reaction time at altitude. Th ere appear 

to be wide individual variations in response to altitude, with 

elite athletes at moderate altitude having no signifi cant eff ect,  18   

while lower fi t persons show increased reaction time variability 

during exercise, increasing with exercise intensity (40 – 80% of 

peak power).  15   However, not all studies report such defi cits.  19   

One study at altitude concluded reduced cognitive function to 

altered sleep patterns.  4   Th e subjects ’  in the present study were 

not elite athletes and had moderate fi tness and thus it would be 

expected that their reaction times would be slowed at altitude. 

However, aft er VIHT their reaction times were signifi cantly 

improved. 

 Previous studies have looked at the physiological changes at 

altitude, however we are unaware of any study that examined 

these during exercise at altitude while cognitive function was 

being evaluated. It was interesting that during the speaking 

part of the cognitive testing the S a  o  2  decreased signifi cantly, 

presumably due to the reduction of ventilation during talking, 

although this was not measured. As opposed to our initial 

hypothesis, there was no reduction in ventilation and conse-

quent increase in ET co  2  at altitude and presumably P a  co  2  aft er 

VIHT. Th is response is diff erent than previously reported for 1 

ATA  5 , 17   and greater depths.  21   Th e absence of an eff ect of VIHT 

in CBFv during exercise at altitude is consistent with absence of 

increased ET co  2  at altitude and presumably P a  co  2 . As it was 

not studied in this or previous studies, we cannot rule out that 

there may have been redistributions of blood fl ow within the 

brain that could benefi t cognitive function. Th e indirect meth-

ods of measuring P a  co  2 , cerebral blood fl ow, as well as cognitive 

function may have had an impact on the results and conclu-

sions of this study. Th us the improvements in cognitive func-

tion seen aft er VIHT cannot be explained by physiological 

changes. 

 In summary, the literature clearly establishes that there are 

defi cits in cognitive function at altitude, particularly during 

exercise. Exercise training or drug treatment do not appear to 

be eff ective countermeasures to inhibit cognitive defi cits at 

altitude. While acclimatization is an eff ective countermeasure 

for the altitude-induced cognitive defi cits, its use is not appli-

cable to acute hypoxia. Th e present study demonstrates that 

training of the respiratory muscles, like whole body aerobic 

exercise, is an eff ective countermeasure for altitude-induced 

cognitive defi cits, although the mechanisms of its actions are 

not clarifi ed.     
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