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EFFECTS OF LIGHT EXERCISE ON PSYCHOMOTOR PERFORMANCE AND ARTERIAL OXYGEN SATURATION AT A SIMULATED ALTITUDE OF 4572M
ABSTRACT
Introduction: Exercise reduces transit time of blood in pulmonary capillaries. At altitude this may limit the diffusion of oxygen, thus exacerbating the effects of hypoxia. This effect was investigated using a workload comparable to that of a pilot during a routine flight.

Methods: Seven healthy subjects each participated in two experimental sessions; one at ground level, the other at a simulated altitude of 4,572m(15,000ft). Psychomotor performance was assessed using the Multi-Attribute Task (MAT) battery twice in each condition, once at rest and once whilst cycling on an ergometer at 30Watts. Subjective questionnaires were completed after each session.

Results: No significant decrease in psychomotor performance was observed, either at altitude, during exercise or with altitude and exercise combined. The average score in the tracking element of the MAT battery task was 21.8 (15.2-33) during rest at ground level. This was unchanged by altitude, 22.1 (14.7-26.5), and unaffected by exercise, 24.5 (15.5-35.8). SpO2 decreased by 23.4% upon exposure to altitude, yet exercise had no significant impact with saturation of 74.2% ± 6.0 resting at altitude verses 71.2% ± 6.3 with exercise. However, the questionnaires suggested that subjects perceived the task to be harder whilst exercising at altitude. The number of hypoxia related symptoms increased significantly from 0.1±0.4 at ground level at rest, to 3.4±2.3 at altitude and 4.9±3.4 with the addition of exercise.

Discussion: The addition of light exercise at 4,572m (15,000ft) doesn’t reduce oxygenation sufficiently to influence psychomotor performance, possibly indicating that diffusion limitation isn’t a major factor at this workload. A task does not appear to be affected at this altitude, but may be perceived as more demanding with increased symptoms of hypoxia.
INTRODUCTION
Whilst aircrew are not exercising maximally when flying, they are physically exerting themselves, performing episodes of moderate and sometimes even vigorous activity (9).The energy expenditure throughout various helicopter sorties, for pilots flying in level flight, has been calculated as 50% greater than at rest, with that of hovering being greater still (9). It is suggested that non-pilot aircrew are subject to even greater levels of physical activities in the form of winching, door gunning or loading cargo (7).In a retrospective survey of helicopter personnel, 86.6% of non-pilot aircrew reported experiencing one or more symptoms of hypoxia during operations below 3, 048m (10,000ft) as did 60.9% of pilots (7).

Exercise has the effect of increasing cardiac output in response to increased oxygen demand (1,5). This has the effect of reducing the transit time of blood in the pulmonary capillaries.  In normobaric conditions at rest the typical time course of blood in a pulmonary capillary is 0.75 seconds.It takes only a third of this time for oxygen to diffuse across from the alveolus into the capillary (6). When inspired oxygen falls as a result of altitude, the driving pressure from the alveolus to the arterial blood is reduced, lengthening the time taken for oxygen to diffuse across the endothelial membrane. During exercise the transit time of blood in a pulmonary capillary can be reduced to 0.34±0.1second (6). Thus a combination of increasing levels of exercise and increasing altitude may impose a diffusion limitation upon gas exchange within the lungs (11). 

Indeed, it has been demonstrated in previous studies that exercise can significantly lower oxygen saturation levels with the addition of exercise at altitude.Smith (2007) established a 5% decrease in SpO2 with the addition of 30W of exercise at 2,743m (9,000ft) (7). 

The level of exercise used in this study will also be 30W which has been shown to correlate with an oxygen consumption (VO2 )of 0.66L/min (2). This in turn is analogous with the oxygen consumption of a pilot performing aerobatics (3).
This study aims to determine whether oxygen saturation of arterial blood is a reliable indicator of cerebral function at an altitude of 4,572m (15,000ft), performing a level of exercise representative of flying an aircraft.

METHODS
The study protocol was approved in advance by the Ministry of Defence Research and Ethics Committee in January 2008. The Study was conducted in March 2008 using one of the hypobaric cambers at the RAF Centre of Aviation Medicine in Bedfordshire, UK.

7 subjects (aged 20-23 years, M:F 2:5) from King’s College London University volunteered for this study, recruited from a poster advert. All subjects completed a health screen questionnaire prior to acceptance and provided written informed consent before participating. They also received a medical examination to ensure that they could clear their ears before ascent in the chamber.

Equipment

The participants were fitted with a modified P or Q oro-nasal mask that was suspended from a type G cloth helmet. A probe was connected to the nasal mask cavity in order to continuously sample the breathing gas compositions, which were fed to the respiratory massspectrometer (LR12000, Logan Research Ltd, Kent, UK). Calibration of the mass spectrometer was performed before and after each session, as well as at ground and altitude if necessary, using a series of gases with certified concentrations. Inspiratory breathing flow was measured using a Fleischflowmeter (Pneumotachograph, size 2. A. Fleisch.). The pressure drop across the flowmeter was measured by an electrical integrator (PLUGSYS intergrator, INT type 665, Hugo sachselektronik-harvard, Germany) which calculated the inspiratory gas volume. Peripheral oxygen saturations and heart rate were monitored using a pulse oximeter (VitalSAT pulse oximeter: Charter Kontron Ltd. Cheshire UK) placed on the ring finger of the subject’s left hand. Arterial blood pressure and mean blood pressure were measured using Finometer,a pressure cuff worn around a finger (model 1, Finapres medical systems BV, with Finolink and beatscope PC-based software). 
All variables were continuously recorded using a data digital acquisition system (PowerLab chart version 5.5, AD Instruments Ltd Australia) at a sampling rate of 200 Hertz. A pen recorder (Linearcorder mark VII model WR3320, Graphtec Corporation) was also set up to provide a hard copy of data.

Psychomotor performance was measured using the NASA Multi-Attribute Task (MAT) (Langley, USA),a programme developed by NASA and considered a realistic simulation of piloting an aircraft. It is comprised of a series of tasks: a monitoring task, resource management task and a tracking task. For the tracking task the subject has to keep a continuously roaming circle in the centre. It has been demonstrated to be the most sensitive marker to the effects of hypoxia at an artificial altitude of 5,486m (18,000ft) (10). The better a subject performs on the tracking task the closer they keep the circle to the middle and the lower their resulting T-score. When the MAT battery was completed, a series of rating scales appeared on the computer monitor. These ratings enabled the mental demand and effort, as perceived by the subject to be analysed.

Prior to participating in the study, all subjects practised the MAT by completing it eight times or until their tracking error scores were consistent. This ensured that the task had been well learnt.

After the subjects had completed the MAT battery, they were presented with a subjective questionnaire to complete. This required the subject to rate on a scale of 0-7 to what degree they experienced any of the 16 symptoms listed, which are know to be associated with hypoxia.

Protocol
Four conditions were tested with each subject;to complete the MAT battery task at rest, then again with the addition of exercise at both at ground level and separately at a simulated altitude of 4,572m (15,000ft) in the hypobaric chamber. These conditions were divided into in two experimental sessions, one run at ground level and the other in the hypoxic environment. The sessions were separated by a minimum of 18 hours and every effort was made to repeat the second study at a similar time of day in order to eliminate any circadian influence upon subject performance. Four of the subjects completed the ground run first whilst the other three performed the sessions in the opposite order to ensure that the study was balanced. 

During all the altitude runs, a medical officer was present in the chamber breathing air mixture to maintain their own PiO2 at sufficient levels, so as not to be adversely affected by hypoxia.

Throughout both sessions the subject sat on an ergometer (Oxford Medilog. Type ER-2) in the hypobaric chamber. In the altitude runs, the chamber was ascended at a rate of 1,219m per minute (4,000ft/min) until the target height of 4,572m (15,000ft) was reached. The study started with a ten minute equilibration period, the purpose of which was to ensure that a steady state hypoxic ventilatory response had been achieved at altitude. Following the equilibration period, the subject embarked on the MAT battery at rest as a measure of psychomotor performance. The duration of the test was eight minutes, leaving the subject a further two minutes to answer a symptoms questionnaire.The second MAT battery test was commenced simultaneous to the start of cycling on the electromagnetically braked ergometer at a workload of 30 Watts (50rpm ± 10). Another symptom questionnaire was completed following the second MAT test whilst maintaining cycling.

In summary, in each session, the ten minute experimental period consisted of the MAT battery test, which took eight minutes to complete, leaving the last two remaining minutes to complete the symptom questionnaire.
Analysis

One minute averages were acquired for each variable for each subject with the results analysed using Prism GraphPad version 5 (GraphPad Software Inc., California, USA). All data were initially tested for normality and then analysed using repeated measures ANOVA. Situations where p < 0.05, were regarded as statistically significant. 

RESULTS


It was found that all cardiovascular and respiratory variables differed significantly between ground and altitude; yet only respiratory rate, heart rate and minute volume were separately significantly influenced by exercise (table i). 
SpO2 was shown to decrease by 23.44% upon exposure to altitude. Exercise had no significant effect when compared to rest either at ground or at altitude. Note that the variation in SpO2, as indicated by the standard deviation, becomes far wider at altitude.
The tracking task (T-score) of the MAT batterywas seemingly unaffected upon exposure to altitude, nor separately by exercise. Exercise had no additional effect at altitude (table ii).

Both subjective measures of mental demand and perceived effort increased across the experimental conditions by 13% and 12% respectively during exercise at altitude (table ii). This suggests that the MAT battery was perceived by the subjects to be harder with altitude and more so with exercise, although these relationships were not found to be significant

The number of symptoms (table iii.) reported by the subjects significantly increased from 0.14±0.38 at ground level at rest when only one subject described feeling irritable, to an average of 3.43±2.30 symptoms reported at altitude. After completion of the MAT at altitude whilst exercising, the number of symptoms experienced increased again to 4.86±3.39 with every subject reporting at least one symptom. There was a significant increase in the total symptom score between ground and altitude but only whilst exercising, p<0.05.


No significant correlation was found between SpO2 and psychomotor performance (T-Score) at altitude, 0.515 (Fig i.).On average in both conditions, higher T-Scores (worse psychomotor performance) were associated with slightly lower SpO2 values. However, the large variation seen within the individual subject results, as indicated by the error bars in figure i., renders this relationship statistically insignificant.
DISCUSSION
All subjects became moderately hypoxic upon acute exposure to an altitude of 4,572m (15,000ft). This was indicated by the significant decrease in both PETO2 and PETCO2, and an increased ventilatory response. However no significant decrement in psychomotor performance, as measured by the MAT battery, was found as a result of the hypoxia. Furthermore, the addition of light exercise produced a change in cardiovascular parameters as was expected, however, it did not affect their performance in the MAT battery, at either ground level or at altitude.


There are two possible reasons why the MAT battery data showed no change in performance with altitude or exercise. Firstly the MAT battery tracking task was not sensitive to the altered performance of the subjects in response to the test conditions. However Van Dorpet al (10) successfully demonstrated that the tracking task was sensitive to moderate hypoxia at rest at 5,486m (18,000ft). 


 Secondly, the conditions simulated in this study were not significant enough to affect performance. The decrements found by Van Dorpet al (10) were at a higher altitude of 5,486m (18,000ft), compared to the present study undertaken at 4,572m (15,000ft). In addition Van Dorpet al (10) exposed their subjects to a longer period of hypoxia, a further 20 minutes to that used in the present study. It is likely that these conditions produced a more severe hypoxia. The addition of light exercise in our subjects at 4,572m (15,000ft), did not act to reproduce the decrements in performance found in resting subjects at 5,486m (18,000ft) (10).

If anything, the addition of light exercise may have compensated the effects of hypoxia by the increase in mean blood pressure that was found. Increased blood pressure results in increased cerebral blood flow (4). This could potentially increase cerebral oxygenation that could compensate for any decrements induced by hypoxia, or even improve psychomotor performance. However this can only be verified if cerebral oxygenation is measured


Even thought our study found no impairment of psychomotor performance, subjects found the task more demanding during exercise at altitude. Perceived mental demand increased from a rating of 47.86 ± 16.88 at rest at ground level to 54.67 ± 23.41 at altitude and increased again to 60.83 ± 19.40 during exercise at altitude. The same was true for perceived effort with an increase in rating of 47.86± 14.71 at rest at ground level to 56.83 ± 21.71 at altitude and 61.33 ± 24.57 during exercise at altitude. These results were not significant due to the large degree of variation between subjects, but illustrate the trend in increased perceived difficulty of the task at altitude and with exercise.

It was found that SpO2 decreased significantly upon acute exposure to altitude. This was the expected physiological response to decreased inspired PO2. However exercise did not significantly affect SpO2 at ground level or at altitude.  These findings are in accordance with Sternburget al (8).

In Summary, no significant decrease in peripheral arterial oxygen saturation or psychomotor performance was observed with the level of exercise used in this study. This is most likely due to a reduction in pulmonary capillary transit time insufficient to limit diffusion. Any conclusion must take into account the small sample size.
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	Ground
	Altitude

	
	Rest
	30W
	Rest
	30W

	Mean BP (mmHg)
	93.43 ± 13.51

(80.7-111.6)
	100.20 ± 13.77

(84.6-119.4)
	112.63 ± 21.13*

(96.8-154.3)
	119.59 ± 23.47*

(100.7-149.9)

	Heart rate (bpm)
	79.37 ±12.34

(61.1-95.7)
	101.03 ± 15.64*

(77.9-127.9)
	102.10 ± 6.98*

(92.6-107.4)
	128.82 ± 12.99*

(113.6-147.9)

	End tidal oxygen (mmHg)
	111.03 ± 4.02

(102.8-113.9)
	107.43 ± 4.85 

(98.9-112.3) 
	45.96 ± 4.43* (39.9-52.5) 
	46.34 ± 4.62*

(39.1-53.6) 

	End tidal Carbon dioxide (mmHg)
	35.99 ± 4.01

(32.7-44.1)
	38.77 ± 3.88

(34.9-46.3)
	31.97 ± 4.28*

(26.0-37.4)
	32.99 ± 4.71*

(25.3-38.5)

	Respiratory rate (per min)
	15.12 ± 3.09

(11.7-19.3)
	19.80 ± 2.94*

(15.4-22.8)
	17.41 ± 3.84

(11.3-22.7)
	23.59 ± 3.31*

(19.6-29.6)

	Arterial oxygen saturation (%)
	96.91 ± 0.91

(95.8-98.5)
	96.36 ± 1.01

(94.4-97.0)
	74.19 ± 5.96*

(63.3-79.9)
	71.24 ± 6.27*

(58.5-78.9)

	Minute volume (L(BTPS))
	9.59 ± 1.71

(7.0-12.3)
	19.46 ± 2.66*

(16.4-23.6)
	11.87 ± 1.13 

(10.0-13.18)
	25.36 ± 1.37*

(23.7-26.8)


Table i. Data are displayed as  means ± Standard deviation (range of subject averages) obtained in 7 subjects performing the MAT battery at rest and whilst cycling at 30W, at ground level and at an altitude of 4,572m (15,000ft)
*denotes p<0.05 verses ‘Ground level at rest’ by repeated measures ANOVA or Friedman test.
	
	Rest
	30W
	Rest
	30W

	T score
	21.84 ± 6.35

(15.2-33)
	24.57 ± 6.85

(16.4-34.9) 
	22.09 ± 5.24

(14.7-26.5) 
	24.46 ± 7.80

(15.5-35.8) 

	Mental demand
	47.86 ±16.88

(26-76)
	49.29 ± 18.35 

(13-70)
	54.67 ± 23.41 

(23-83)
	60.83 ± 19.40 (33-93)

	Effort
	49.29 ±14.71 

(30-70)
	49.86±11.73 

(30-70)
	56.83±21.71 

(26-86)
	61.33±24.57 (23-100)


Table ii. MAT battery  data are shown as means ± Standard deviation (range of subject averages) obtained in 7 subjects performing the MAT battery at rest and whilst cycling at 30W, at ground level and at an altitude of 4,572m (15,000ft)
*denotes p<0.05 verses ‘Ground level at rest’ by repeated measures ANOVA.
	Symptoms of Hypoxia
	GroundRest
	Ground

Exercise
	AltitudeRest
	Altitude

Exercise

	1. Headache
	0
	1
	8
	17

	2.Light-headedness
	0
	0
	10
	15

	3.Nausea
	0
	0
	6
	0

	4.Weakness
	0
	3
	7
	6

	5.Sweating
	0
	1
	6
	6

	6.visual disturbance
	0
	0
	0
	6

	7.Muscular inco-ordination
	0
	0
	9
	7

	8.Muscle cramps
	0
	0
	0
	0

	9.Fatigue
	0
	0
	4
	8

	10.Numbness
	0
	0
	3
	2

	11.Tingling
	0
	0
	1
	4

	12.Apprehen-sion
	0
	2
	7
	2

	13.Euphoria
	0
	2
	1
	4

	14.Irritability
	3
	6
	0
	1

	15.Inability to think clearly
	0
	0
	7
	10

	16.Any other symptoms
	0
	0
	0
	2 (Hot flushes + clumbsiness)


Table iii. Symptoms listed in the post-test questionnaire. Total symptom  scores in the 4 experimental conditions.
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Figurei. Correlation scattergraph between arterial oxygen saturation (SpO2) and psychomotor performance (T-Score). Error bars denote the range of results and the central data point represent the average value. R= Rest, E= Exercise.
� Since the completion of this study, it must be noted that Professor Ernsting passed away in 2009. His next of kin have consented to me acknowledging the importance of his contribution and support.





