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ADAMS, WILLIAM C., EDMUND M. BERNAUER, D. B. DILL, AND experiment was to determine if there is a potentiating- 
JOHN B. BOMAR, JR., Effects of equivalent sea-level and altitude train- Derforrnance effect at SL attributable to ;hvsioloeicaY . 
ing on Vo2 ma2 and running performance. J. Appl. Physiol. 39(2): 
262-266. 1975.-Twelve middle-distance runners, each hav- 

gdjustrnents from training for 21 days at 2,30&1: altit&de, 

ing recently completed a competitive track season, were di- 
PB = 586 rnrnHg, as compared to training at equivalent 

vided into two groups matched for maximal oxygen uptake 
intensity near sea level ( 16 111, PB = 760 mnHg). 

(~0*,11ax>, 2 -ml e run time and age. Group I trained for 3 wk at ‘1 
Davis, PB = 760 mmHg, running 19.3 km/day at 75 y0 of sea-level METHODS AND PROCEDURES 

(SL) vo2 Illax, while group 2 trained an equivalent distance at the 
same relative intensity at the US Air Force Academy (AFA), 

Subjects. Twelve highly trained middle-distance runners, 

PB = 586 mmHg. The groups then exchanged sites and followed 
whose basic characteristics are given in Table 1, were 

a training program of similar intensity to the group preceding it recruited as subjects. Two, Ml) and SM, were high school 

for an additional 3 wk. Periodic near exhaustive vo2 nlax tread- runners, one, EH, was a nationally rated postgraduate 
mill tests and 2-mile competitive time trials were completed. steeplechaser in active competition, and the remainder 
Initial 2-mile times at the AFA were 7.2y0 slower than SL con- 
trol. Both groups demonstrated improved performance in the 

second trial at the AFA (X = 2.0 yO), but mean postaltitude per- 
formance was unchanged from SL control. vo2 max at the AFA 
was reduced initially 17.4$!& from SL control, but increased 2.6 y0 

after 20 days. However, postaltitude ~OZ m  ax was 2.8 y0 below SL 

control. It is concluded that there is no potentiating effect of 
hard endurance training at 2,300-m over equivalently severe SL 

training on SL To2 Illax or 2-mile performance time in already 

well conditioned middle-distance runners. 

were collegiate competitors. Each had recently completed 
their competitive season > but training prior to the experi- 
ment varied due to specific competitive event requirements 
and to the individual runner’s maturity. However, during 
the 3 wk immediately prior to the experiment, all runners 
trained a minimum of 6 days/wk, completing at least 80 
km/wk, except for El> who ran 50 km/wk. 

Experimental design. Each subject was assigned to one of 
two groups matched as closely as possible for VOZ 111axy 
seasonal best Z-mile run performance, and age. Group 1 

middle-distance runners; oxygen uptake during treadmill running; trained the first 3 wk at Davis (hereafter termed SL), 
postexercise blood lactate; 2-mile run time covering 19.3 km/day at individually prescribed paces 

requiring approxirnately 75 % of their VOW ,,lI1x. Meanwhile, 
group 2 trained an equal distance at the US Air Force 
Academy (AFA) at an intensity requiring approximately 
75 % of their altitude VOW 111&x. The groups then exchanged 
sites and continued an equivalent training program to the 
group preceding it for an additional 3 wk. Near exhaustive 
VO 2 rn ax tread& runs and Z-mile competitive time trials 
were interspersed at Z- to 4-day intervals. Transportation 
to and from the AFA was accomplished primarily by air, 
involving a total t ravel time of a pproxi nlately 8 h. At the 
conclusion of the experiment, a 3-day testing period, in- 
cluding a VO 2 Illax treadmill run and Z-mile time trial, 
was completed by all subjects. A graphic display of the 
cross-over, control group design is depicted in Fig. 1. 

ALTITUDE TRAINING was reported to facilitate improved 
running performance and increased aerobic power on re- 
turn to sea level (SL) in early investigations (2, 3, lo), 
although Faulkner and associates (11) attributed these 
findings to a significant training effect during the course 
of the experirnen ts. Even with apparently well-trained 
athletes, some investigators have observed improved per- 
formance and/or increased Vo, Illax on return to SL after 
training at altitude (7, 8), while others have found little 
or no effect (5, 11, 17, 19). Dill and Adams (8) concluded 
that discrepancies in findings could be attributed to the 
complexity of interrelated factors, such as state of training, 
the altitude, length of altitude sojourn, and differences in 
training intensities while at altitude. Since a control group 
had not been used in prior studies of trained runners, we 
sought to resolve some of the uncertainty attendant to the 

Experimental routine. Each subject usually ran half of 
his daily distance in rnidrnorning and the remainder in 
the late afternoon. Outdoor training pace at SL was set 
via Pugh’s data ( 15) to require approximately 75 % of the 
subject’s VOW Inax. Training pace at the AFA was reduced 

problern by employing this technique. The purpose of the 6.5 % from SL, equivalent to the difference between the 
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FIG. 1. Schematic diagram of the cross-over groups design, as 
depicted by mean maximal oxygen consumption for both groups at 
sea level, Davis, Calif., and at the US Air Force Academv, 2,300-m, 
PB = 586 mmHg, during periodic near-exhaustive treadmill runs; 

Broken lines represent changes in site for the groups. 

Olympic 10,000-m winner at Mexico City (2,270 m) and 
the then existing world record. Since negligible air re- 
sistance is encountered while running on the treadmill, 
appropriate increases in speed were made at SL and the 
AFA to verify this method of establishing similar relative 
training intensities. Systematic timing of outdoor training 
runs was not feasible, but runners were encouraged to 
check their pace occasionally along measured routes. 
General observation and daily running logs maintained 
by each subject revealed no significant variation from this 
regimen at SL or the AFA, except for subject ED, who on 
day 6 at the AFA, suffered lacerations and subsequent 
stiffness from a fall which necessitated reduced training for 
the next 12 days. On the mornings prior to treadmill 
distance runs, VO, 111&x treadmill tests, and Z-mile time 
trials, the subjects negotiated their usual 9.65 km, but at a 
reduced pace of their choice. 

The subjects were fed a normal well-balanced diet and 
billeted in dormitory rooms while at the AFA. At SL, they 
lived at sites of their choice, essentially as they would during 
the school year. 

iMethods. Body composition was determined via pro- 
cedures described previously (8). Assessment of \joa Illax 
was performed in the late afternoon utilizing a modified 
Saltin-Astrand treadmill protocol (8). Heart rate (HR) 
was monitored from presternal leads to an electrocardio- 
gram. Expired gas measurement and sampling systems at 
both sites were the same as described by Dill and Adams 
(8), with the exception that 1-min sample aliquots were 
drawn into butyl rubber bags by a l/70-hp neoprene dia- 
phragm air pump. Venous blood samples were drawn 
5-min postexercise and immediately prepared and stored 
for subsequent blood lactate analysis via a modified en- 
zymatic method of Hohorst (4). Utilizing procedures 
employed in the VOW Illax runs, HR and standard respira- 
tory metabolism parameters were measured at three 
equally spaced intervals during each treadmill distance 
training run. 

Two-mile time trials were conducted on all-weather 
rubberized asphalt tracks at SL and the AFA. Each group 
ran on experimental days 3, 18, 24, 39, and both, together, 
on day 45. Times were recorded to the nearest second from 
a running stopwatch. Dry bulb and wet bulb temperatures 

and wind direction and velocity were measured just prior 
and after the competition at SL, while corresponding 
values at the AFA were obtained from the Academy weather 
observatory, approximately 8 km from the running track. 

Statistics. Because of the necessarily restricted number of 
subjects in a study of this type, application of parametric 
statistical tests was not practical. The nonparametric 
Wilcoxon matched-pairs signed-rank test (18) was used, 
and four within groups comparisons determined: I) SL 
control and initial postaltitude; 2) initial and final alti- 
tude; 3) SL control and initial altitude; and 4) control 
and final SL. Statistical differences were considered sig- 
nificant at the 0.05 level. 

RESULTS 

The subjects’ basic characteristics are given in Table 1. 
Application of the Mann-Whitney U test (18) revealed 
that the mean differences between the two groups in 
VO 2 rnax, seasonal best Z-mile run time and age were not 
significant. 

It was not feasible to conduct a prealtitude Z-mile time 
trial for group 2. Since the mean time for all SL trials was 
2.7 % slower than the runners’ best time for the season, 
an estimated SL control time for group 2 was derived ac- 
cordingly. Initial Z-mile times for both groups (608 s) 
averaged 7.2 % greater at the AFA than SL control. Both 
groups improved on their initial time in the second trial, 
but were still 5.2 % slower (30 s) than SL control. There 
was notable variability among individuals in initial dec- 
rement at the AFA, as well as a lack of consistency in 
the second trial compared to the first, but there was no 
clear evidence of greater group variability in the AFA 
trials. Postaltitude performance was 7 s faster than SL 
control for group I, but was 7 s slower for group 2. The mean 
data of both groups agree rather closely with that obtained 
on middle-distance runners by other investigators (Table 2). 

_ TABLE 1. Basic characteristics and per-ormances of runners 

Season Best 
Subj Age, yr Ht, cm Wt, kg Body Fat, Preexpt VO:! 111ltx, Comkjet 2-hlile Cr 

0 ml. kg-1 - min-1 , 
min & s 

Group I 
MD 18 178 65.4 5.8 73.7 9: 10 
DH 21 180 62.9 6.2 72.8 9:01* 
EH 23 181 57.0 7.8 76.2 8:47T 
SH 19 175 68.2 9.0 72.0 9: 32 t 
JM 21 179 62.3 3.5 76.2 9:11* 
JS 19 181 61.8 6.6 73.4 9:11* 

20.2 179.0 62.9 6.5 74.0 X10 

Group 2 
JA 22 178 67.6 9.0 70.1 9:20 

ED 19 176 60.4 1.2 71.3 9:06 
WH 21 179 67.9 10.1 70.0 9:25t 
NH 23 177 57.1 7.4 77.5 9:09 

SM 17 179 63.0 5.8 75.2 8:58 
JV 20 195 71.1 3.5 70.1 9:31 t 

Mean 20.3 180.7 64.5 6. 

* Interpolated estimates from 

L. 72.4 

other events (1 mi 
procedures of Gardner and Purdy (12). 

time. 
according to 
steeplechase 

9: 15 

and/or 3 mi) 
t 3,000-m 
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Body weight decreased significantly in both groups 
during the three weeks at the AFA (Fig. ZA). Hence, 
VO 2 max comparisons are expressed in 1 emin-l, with the 
mean values for each group at SL and the AFA shown in 
Fig. 1. The initial decrement from SL control in Vo2 max 
at the AFA was significant in both groups (mean of 17.4 %). 
This was reduced to 14.8 % on day 20, but the difference 
was not significant in either group. On day I postaltitude, 
VO 2 m&x was significantly reduced over SL control in group 
2 (4.3 %), but not significantly in group I (1.2 %). The mean 
initial decrement in VOW nlax at 2,300-m in the present 
study is comparable to that observed in trained athletes by 
others (Table 3). However, a smaller increase in Vo2 max 
at the end of the altitude sojourn, as well as lower postalti- 
tude values relative to SL control, were observed. 

Group means for altitude and postaltitude observations 
of HRmax and VE at \i02 m&x measured during the near- 
exhaustive treadmill tests are shown in Fig. 2, B and C, 

TABLE 2. Performance variation in competitive 
middle-distance running at 2,300-m 

N{$7f 
Altitude 

D is t Postaltitude* 
Tl* T2* 

This study 12 2 mi 107 (3) 105 (18) 100 (3) 
Pugh (14) 4 1 mi 104 (1st wk) 102 (4th wk) 

4 3 mi 108 (4) 106 (29) 
Faulkner et al. 4 2 mi 107 (14) 106 (32) 100 (3-6) 

(11) 
Daniels & 3 1 mi 106 (1st wk) 105 (3rd & 

Oldridge (7) 4th wk) 
3 3 mi 110 (1st wk) 109 (3rd & 

4th wk) 

Numbers in parentheses represent days at altitude or postalti- 
tude, unless otherwise indicated. 
formance. 

* Percent of sea-level per- 
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FIG. 2. Group mean values for altitude and postaltitude observa- 
tions of: A, body weight; B, maximum heart rate; C, pulmonary 
ventilation at Vo2 rIl,X; and D, postrun blood lactate measured during 

near-exhaustive treadmill runs. Each is expressed as percentage of 
SL control. 
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respectively, while postrun blood lactate values are de- 
picted in Fig. 21). Elevation of VE over SL VE during the 
altitude sojourn was significant in group I, only. There was 
no significant change in \j~ at the AFA in either group, 
with postaltitude values returning to near SL control im- 
mediately. Maximal HR was consistently reduced from 
SL control approximately 4% in both groups at the AFA, 
but returned to near SL control in both groups, post- 
altitude. Although group 2 evidenced lowered blood lactate 
on 2 days at altitude, because of considerable intrain- 
dividual variability, there were no significant differences 
from SL control, either at altitude or postaltitude. 

It was not possible to monitor the times of outdoor train- 
ing runs consistently. However, confidence in the method 
utilized to assure equivalent training at SL and the AFA 
is attested to by the fact that the difference between groups 
in mean percent of VO2 max for the treadmill distance runs 
was not significant either at SL or the AFA. Furthermore, 
there was no significant difference in the mean for both 
groups at SL (76.2%) compared to the AFA (76.8 %). 
There was, however, a rather wide individual variation in 
the relationship between measured VOW and speed of 
treadmill running (Fig. 3), presumably reflecting differ- 
ences in running skill as noted previously in other trained 
runners (6). 

DISCUSSION 

Reduction in work performance and aerobic power in 
endurance athletes upon exposure to moderate altitude is 
well documented (3, 5, 7, 8, 11, 14, 17, 19). In the present 
study, the immediate altitude response was essentially the 
same in both groups and followed the typical pattern, i.e., 

TABLE 3. Comparison of percent sea-level lie, maz at 
2,300-m altitude in trained middle-distance runners 

Experiment Type of 
Ergometry NS&Tf EyiFt Latest Test Postaltitude 

-~~~ 

Pugh (14) Bicycle 6 85 (2) 90 (27) 
Faulkner et Treadmill 5 83 (7) 87 (34) 101 (4-5) 

al. (11) 
Daniels & Track running 6 86 (1) 89 (45)* 105 (l-7) 

Oldridge (7) 
This study Treadmill 12 83 (1) 85 (20) 97 (1) 

--- 

Numbers in parentheses represent days at altitude or postalti- 
tude. * Subjects spent 10 days at SL (days 15-19 and 30-34). 

o Group I, SL 
A Group I, Alt 

.Group 2, SL 
0 ‘/ A Group 2, Alt 

40, A ' ' 1' ' 
240 250 260 270 280 290 300 

TREADMILL SPEED (M.MIN-‘1 

FIG. 3. Relation between oxygen uptake and speed of treadmill 

running at sea level and 2,300-m altitude. Each value represents the 
mean of three measurements during each of two runs. 
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Z-mile performance times were elevated significantly, as 
were VE at Vo 2 1,1&X and Hb concentration, while VOW max 
and HRmax were significantly reduced. Clearly, the re- 
duced partial pressure of ambient oxygen at altitude and 
the resultant decrease in the 02 content of arterial blood 
is only partially alleviated by increased J?E. The latter is 
an efficient response, in that the bellows function of the 
respiratory system is unimpaired up to very great heights 
(16) and, because of reduced air density at altitude, little 
if any additional energy is needed for increased VE above 
that for maximal SL ventilatory requirements. Increased 
Hb concentration, noted on day I in the present study (9), 
is mainly due to a hemoconcentration secondary to a de- 
crease in the plasma volume (1). Furthermore, Pugh (14) 
has observed that functional impairment at altitude re- 
sults mainly from low blood 02 tension rather than content. 

During residence at the AFA, Z-mile times were im- 
proved in both groups, while blood lactate remained un- 
changed and VOW Inax increased slightly. Pugh (14) has 
speculated that reduced plasma volume (PV) contributes 
to a lower maximal stroke volume (SV), which in combi- 
nation with reduced HRmax observed in the present study, 
would result in an immediate reduction in cardiac output 
(Q). Since PV decreased an additional 4% after daj I 
through the next 10 days before stabilizing (9), it would 
appear that Q continued to fall, as has been observed pre- 
viously (20). Furthermore, since total Hb content did not 
change at the AFA, and Hb concentration increased only 
3.1 % over day I, it is unlikely that improved circulatory 02 
transport was a significant factor effecting the slight im- 
provemen t in VO 2 Illax. Others have suggested improved 
pulmonary diffusion (20) and/or increased arteriovenous 
02 difference (14) as more likely factors facilitating in- 
creased VOW max. 

Improvement in SL middle-distance running per- 
formance and/or aerobic power upon return from altitude 
exposure was observed in early studies by Balke and co- 
workers (2, 3, lo), although Faulkner and associates (11) 
attributed these findings to a significant training effect 
during the course of the experiments. Other investigators 
(5, 17, 19) have found little or no effect. In more recent 
studies (7, 8) utilizing apparently well trained athletes, 
improved performance and increased VOW Max upon return 
to SL after training at altitude were observed. In the present 
study, Vo 2 m ax was reduced over SL control, although not 
significantly in group 1. Furthermore, total Hb did not 
change, while increased Hb concentration and VE at 
VO 2 rnax at the AFA were transient, falling to near SL 
control values in both groups on day I, postaltitude. 

It appears that performance was not materially af- 
fected by anaerobic metabolism, since blood lactate values, 
although variable, did not differ significantly from SL con- 
trol at the AFA or on return to SL. This is in contrast to 
the greatly depressed values observed at altitudes above 
4,000 m (16), and the approximate 20 % depression ob- 
served by Klausen and colleagues at 3,800 m (13) and by 
Dill and Adams at 3,090 m (8). Our observations are similar 
to those of Pugh (14) and Saltin (19) at Mexico City; 
thus, the possibility that 2,300 m is below the threshold for 
blood lactate depression seems attractive, although Astrand 
and Rodahl (1) suggest that a reduced alkaline reserve 
may effect a gradual decline after several weeks at altitude. 

Postaltitude Z-mile run time was 7 s faster than SL con- 
trol in group I, while group 2 had a mean increase of 7 s: 
neither, however, was statistically significant. Furthermore, 
a portion of the somewhat faster time for group 1 might be 
properly attributed to the fact that their immediate post- 
altitude trial was the first in which runners of both groups 
competed together. Group 2 runners ran 3.2 s faster in this 
final trial than their previous trial held in the single group 
format 6 days earlier. 

Apparently, then, runners who are in competitive con- 
dition before continuing training at altitude do not in- 
crease their aerobic power or running performance upon 
return to SL. The young runners studied by Dill and Adams 
(8) were by most standards well trained, but their training 
during the 6 wk immediately prior to the study was at a 
slower pace than that of the present subjects. While it is 
possible that the improved VOW 111ax and treadmill run time 
of the 197 1 subjects was due to an enhanced potentiating 
effect at the higher altitude, this is contrary to the findings 
of Buskirk and co-workers (5) and Faulkner and colleagues 
(ll), who observed that intensive training is not well 
tolerated at higher elevations. A more likely explanation 
was the heightened training effect consequent to the in- 
tensive training schedule, including periodic near-ex- 
haustive treadmill Vo 2 nlax runs, while in the present study 
this was apparently obviated via closer proximity of inten- 
sive training and competition to the experiment’s initiation. 
This notion is particularly well substantiated by the fact 
that group I did not improve significantly in VO 2 Illax (Fig. 1) 
or Z-mile time-trial performance at SL during the initial 3 
wk. 

From the observations reported herein, the contention 
that there is no potentiating effect of hard endurance train- 
ing at 2,300 m over equivalently severe SL training on 
aerobic power or Z-mile run times at SL in already well- 
trained middle-distance runners is effectively supported. 
It should be emphasized, however, that this conclusion is 
limited to the conditions of the present study, and that the 
hypothesized synergistic altitude training effect reported in 
some earlier studies could be dependent on an altitude 
threshold, periodic return to SL, time after return to SL, 
absolute training intensity at altitude, and the aerobic 
capacities of the athletes studied, among other presumably 
less important contributing factors. 
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