PHysical Fitness and Performance

- Maximal strength training improves
work economy in trained female
cross-country skiers

JAN HOFF, JAN HELGERUD, and ULRIK WISL@FF

Department of Physiology and Biomedical Engineering, Department of Sport Sciences, Norwegian University of Science
and Technology, N-7005 Trondheim, NORWAY

ABSTRACT

HOFF, I., ]. HELGERUD, and U. WISLOFF. Maximsl strength training improves work economy in trained female cross-country
skiers. Med. Sci. Sports Exerc., Vol. 31, No. 6, pp. 870—877, 1999, Purpose: The present study examines the hypothesis that maximal
strength trainmg improves work economy and anserobic threshold in trained female cross-country skiers while working oo a ska
ergometer. Methods: Fifieen female cross-country skiers (17.9 = 03 yr, 1667 = 1.3 cm, 50.1 1.9 kg, and 553 = 13
mLAg ™ min~") participated in the smdy. Eight skiers made up the high-intensity strength-trained group, and seven served as the
control growp. Endurance performance was tested on a specially instrumented ski ergometer. Strength training and testing simolated
double poling in cross-country skiing. Resulis: A significant (P < 0.001) improvement in double-poling economy on the ski crgometes
was observed among the srength-trained group. Anserobic threshold did not change dunng the experimental period for either groop.
After a 9wk training period, time o exhanstion increased from 5.2 (=09 w 123 (£1.6) min (P < 0.001} and from 4.0 (=0.9) 1©
6.3 (0.9 min (P < (L01) for the strength and control group, respectively. Time 1o exbanstion was significantly higher (P < 0.001)
for the strength group compared with the control group after raining. One repetition maximuom increased 14.5% (1.8) (7 < 0.001) in
the strength group but was unchenged in the control groop. Expressed in relation to peak force at one repetition maximnom, strength
traiming resolted in a significant redection in the relative available force employed working on the sk erpometer (P - 0.01). Time w
peak force at maximal astobic velocity on the ski ergometer was significantly reduced in the srength-training group (P < (L01).
Conclusions: It is concluded that maximal strength training in the upper-body improved the double-poling performance by improved
work economy. Work economy was improved by a redoction in relative workload and fime to peak force winle doable poling.
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he effect of combined strength and endurance train-

ing on physical performance has been a popular

research topic in the last decade. That endurance
training inhibits or interferes with stremgth development is
concluded in several smdies (4,8,12,13,16). Few studies
examine the impact of strength training on endorance per-
formance. Hickson et al. (14) reported a 27% increase in one
repetition maximum (IRM) after 10 wk with maximal
strength traiming of quadriceps. Maximal oxygen uptake
(VO,,..) was unchanged during the same period whereas
short-term endurance (4—8 min), measured as time to ex-
haustion during treadmill running and on a bicycle ergome-
ter, increased by 13% and 11%, respectively. VO, and
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peak oxygen uptake (VO,,.,;) achieved during sports spe-
cific activity are traditional determining factors of endur-
ance performance (23,30,31). Other important factors such
as anaerobic threshold and work economy should be in-
cluded. Among individuals with similar VO,,,, and/or
\?Dr.m work economy and performance can vary consid-
erably (6,11.22).

A variable that complicates evaluation of the impact of
sirength training on endurance performance is the training
status of the subjects investigated. The majority of studies
investigating strength and endurance training interactions
have examined sedentary or moderately active subjects,
using a strength-raining regimen with low resistance and a
high number of repetitions. When subjects are initially un-
trained, this type of sength training can have a substantial
effect on endurance performance and may operate via mech-
anisms that are similar to those observed in endurance
ramming (17,24). However, in well-wained, specifically
adapted athletes, auxiliary training methods may fail to



TRBLE T, Physical and physiological characteristics of the crass-country skiers before the exgeriment.

Age Height  Mass [HB] Het Ve FENC V..., g
(yr) fem) (kg} (gdl—") (%) (L} (% (Lmin™") (midy—*-min~")(mi-tg~*"min"") {beats-min~")
Strength (V=8) 178=04 1849=19 568223 136=04 42807 37+02 86224 31=01 $3+22  285=77 205+19
Control (W=7) 1B0=04 1687 =14 §19+26 143+13 458+07 42202 862228 35204 553=16  2A74=56  199=18
179=03 1667=13 601=19 139+12 442=06 39=01 862=17 33201 S53=13  2126=43° 2M=15

Total (N = 15)

X {SEM); [Hb], hemoglobin conceniration in bicod; Het, hematocrit; VC, vital capacity; FEV,, forced expiratory volume in 1 second, "irﬂw meamal oxygen uptake; o, maximal

heart rate.

improve endurance performance (3,7) or even inhibit per-
formance if they are performed at the expense of specific
training volume. Trained athletes may have a narrower
range for further beneficial skeletal muscle adaptations.
They may also require greater task specificity to achieve
continued improvement (9,20) even though a previous study
(15) showed snbstantial strength improvement in a non-
task-specific exercise in trained athletes with a carry-over
effect to performance. In the present study, maximal
sirength training based on neural adaptations with maximum
intended velocity of contraction in the concentric action was
emphasized. Thus, increased body weight from hypertrophy
should play a minor role (20,21). This type of training has
been shown to improve rate of force development (21).
Neural adaptation to strength training mvolves factors such
as increased firing rate in motor neurons, better recruitment
of motor units, and reduced co-contraction of antagonist
muscles and is handled in detail elsewhere (21). As for
endurance performance, one should have a nuanced view
upon the swength capacity of cross-country skiers. One
should take into consideration factors as peak force, time to
peak force, the percentage of use of 1RM, and peak force at
IRM when cross-country skiing, in addition to the specific
IRM. Reducing the relative workload and reduced time to
peak force could lead to better perfusion of working muscle
and, thereby, improved efficiency (27).

Recently the impact of specific, high-intensity strength
training on the upper-body skiing endurance of well-trained
male cross-country skiers was examined (11). In that study,
1RM increased by 11% by using a cable pulley, and the time
to exhaustion increased from 7.10 to 10.45 min while work-
ing on an upper body ski ergometer. The improvement in
time to exhanstion was 25% higher in the training group
compared with the control group. This was partly explained
by a significant reduction in energy spent per unit distance,
defined as double-poling economy. An additional explana-
tion could be improved anaercbic threshold, however,
which was not measured (11).

Cross-country skiing is unique in that all four limbs
coniribute to forward propulsion but to varying degrees,
depending on the specific technique employed. During steep
climbing employing the asynchronous skating technique,
paddling, the upper body musculamre may assume 50% of
the force producton load (28,29). During classic double
poling on flat terrain, the upper body musculatire assumes
the full burden of propulsion. When these techniques are
employed, higher maximal soength may reduce relanve
force generation required by the upper body, resulting in
reduced intramuscular pressure and enhanced blood perfu-
sion of the working muscles.

STRENGTH AND ENDURANCE OF FEMALE CROSS-COUNTRY SKIERS

The aim of the present study was to examine the follow-
ing hypothesis: 1) maximal strength training will improve
the double-poling performance by improved work economy
and anaerobic threshold, and 2) work economy improves by
a reduction in relative workload (%1RM) and time to peak
force while double poling at maximal aerobic velocity.

METHODS

Subjects. Fifteen female cross—country skiers, compet-
ing at the regional level in Norway, participated in this study
after reviewing and signing consent forms approved by the
Human Research Review Committee. Subjects were ran-
domly placed in one of two groups: eight skiers made up the
high-intensity, strength-trained group, and the remaining
seven served as a control group. None of the subjects were
familiar with the strength-training regimen and apparatus
before the raining period. For strength measurements, the
data collectors were totally blind to the hypothesis being
tested, and the data collectors for the endurance measure-
ments were resiricted from knowing the subjects’ group
location. The experimental design consisted of 3 d of pre-
liminary physiological testing, a 9-wk training period, and
3 d of posttesting. The experimental period was carried out
in the basic preparation phase of waining (October—Decem-
ber). The subjects’ anthropometric and physiological char-
acteristics are presented in Table 1.

Training program. Each subject kept a record of all
training during the experiment in a personal raining diary.
Except for the inclusion of the high-intensity strength pro-
gram, the two proups did not differ substantal in their
raining. The average weekly training volume was similar at
8.5 = (.8 and 9.2 = 1.2 h for strength group and control
group, respectively. The composition of the total training
volume for the two groups is presented in Table 2. Over the
course of the 9-wk ftraining period, the dominant mode of
endurance training for all the subjects transitioned from
runming in the first 4 wk to roller skiing and skiing over the

TME“MSMMGMMMIHW.

Streegth Group Control Grong

Enthurance total

Long distance |27 B2x27

imtarvai =2F W=27
Sirength total

Ganaral 2=82 13=1.0

Madmal TxHa2 —_
(Other training Z1 =49 15= 4'.3

The percemtages ane calculated from total training tme for each group. Other training
imeobee activities such as stretching, soccer, and tchnigue fraining. The &xercesa
intensity of interval and long-distance training were performed with an exercise inensity
of 85-35% and between 70-85% of f_ .. mspectivaly.
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last 5 wk. Nine weeks of maximal strength training has been
shown to have effect upon both strength and endurance
capacity (11,15,20,21) and was therefore chosen. The
strength-training sessions performed by the sirength group
were observed every second week by the investigators and
every week by their trainers. The training of the control
group was observed by their trainers and via their training
diaries.

The swength group performed a strength-traiming pro-
gram for the upper body 3 dwk ' throughout the experi-
mental period, as designed by the investigators. The maxi-
mal strength-training program consisted of one exercise.
Each session consisted of three sets of six repetitions with a
load approximating the 6RM. Preliminary tests showed this
load to be about 85% of 1RM. When a subject successfully
executed three sets of six repetitions, the load was increased
by 1 kg the next session. The strength training performed by
the control group was limited 1o general strength training at
intensities below 60% of 1RM or more than 20 repetitions.

Training and testing apparatus. Maximal strength
training and testing were performed on the same apparatus,
designed to simulate the movement pattern of the arms in
classic double poling. The test apparatus was a modified
cable pulley (Fig. 1). Subjects performed the pull-down
sitting on a bench (Eleiko Sport, Halmstad, Sweden) placed
2 m from the apparatus. A locking mechanism placed over
the thigh secured the subjects to the bench. The workload
could be adjusted in 0.25-kg increments. A double-pole
repefition was accepted when the subject’'s hands touched a
pad mounted 10 cm behind the hip and when the elbow joint
angle exceeded 90° at completion. Force parameters were
measured using a force transdocer (Revere Transducers,
Breda, Holland) mounted at the junction of the weight stack
and the pulley cable. The force transducer was connected
via an A/D converter to a computer. The ransducer re-
sponds linearly within a load range of 0-250 kg with a
reproducibility of 0.1% (Instucuon manual Scan-Sense,
Toensberg, Norway). Before tests, the force ransducer was
calibrated using a dynamometer (Dvmamometer no. 22,
Dresden, Germany) with 0, 15, 30, and 40 kg. The dyna-
mometer has an accuracy of * 0.1% according 1o the
manufacmrer’s specificarions.
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Ski double poling was simulated on a specially instru-
mented ski ergometer (Fig. 2) recently described in detail
elsewhere (30,31). Bodefly, the athlete stands on a freely
moving wheeled platform and executes the classic double-
poling movement agamst a load determined by the combi-
nation of platform incline and dynamometer velocity. As
when running on a treadmill, the athlete’s pesition on the
ergometer depends on the matching of applied power to the
ergometer velocity. The ska ergometer is also equipped with
force transducers for the acquisition of poling force-time
data.

Heart frequency (f.) was measured by short-range radio
telemetry (Polar Sporttester, Polar Electro, Kempele, Fin-
land). Oxygen uptake (VO,), maximal minute ventilation
(Vg), respiratory exchange ratio (R), and breathing fre-
quency were measured during each exercise stage using an
Ergo Oxyscreen {Jaeger EOS sprint, Hoechberg, Germany).
Unhemolyzed [la™ ], was determined with a YSI Model
1500 Sport Lactate Analyzer (Yellow Springs Instroment
Co., Yellow Springs, OH).

Testing. Preliminary and post training tests were con-
ducted over a 3-d period with 1 d of rest between each
testing day. The order of testing and protocols for the pre-
and post-tests were identical.

Day 1. Upon entering the laboratory, subjects had their
hemoglobin (Hb), hematocrit (Hcet), and lung function mea-
sured for normative data comparisons. For Hb and Het
determination, blood was drawn from a fingertip and ana-
lyzed mnmediately using the Refletron (Boehringer Mann-
heim, Mannheim, Germany) and Ames microspin (Bayer
Diagnostic, Munich, Germany) devices, respectively. Vital
capacity (V) and forced expiratory volume in ome second
(FEV,) were determined using a flow screen (Jaeger). After
preliminary normative data collection (Table 1), subjects
completed a 15-min general warm-up by treadmill running
at approximately 50-60% of VO,,,.. Each subject then
performed a specific warm-up, performing 20 repetitions of
the pull-dowm exercise at approximately 50% of 1RM. After
the warm-up and a bref rest, the pull-down load was in-
creased with each successive repetition untl the 1IRM was

Figure I—Dwuble-poling ski ergometer.
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TABEE 3 Androbic threshiolds and double-poling economy.

Ty Mhnsss Mt '
(Lmin—)_(miAg—min—)_(miAy—""min—") (Lmin—") (mitg-min~") (mikg~“Tmin—)  (Wail n‘w’&"y"' {mLhEﬂ’-m-‘!

Pre

Strength group 27 =044 483 = 15° 1B0+x58" 21x098 3M1x17 1439+ 58 1308 +7.1* 100.0 =61 142 = 0.08
Comtrod group 3001 478213 1874 =41 24 =07 J/O+15 1530 = 46 1513+ 51" 1029+62 137 =00
Post :

Strength group  28+02' 475+21* 1MTA=81* 25+08 421=14 161945  M5597" 1072=160  1.10=0.07
Controf group 3.1 0.1  4B0+13" 159.7 = 4.3° 27=01 20=17 1656 + 5.4 159+64" 073=19.0 147008
X (SEM); Th,,,, anasrobic threshold whils running on the treadmill; Th,,, ..., anagrobic threshold during work on the ski ergometer, Th, ... POWer oitput 3t anaerobic threshold while
nmning on the treadmil; power outpurt at anasrobic threshold working on the ski ergometer; G, cost of poling working on the ski ergometer af test to axhaustion.

Significant differences: * P < (0.001; * Significant higher than Thy, ., (P < 0.05); * Significant higher than Th,, .. .. (P < 0.05).

reached. Between each trial there was a 5-min resting pe-
rod. After an accepted lift, the workload was increased by
0.25 kg to 3.0 kg according to the subject’s request. After
two consecutive nonaccepted attempts, the highest accepted
attempt was registered as the 1RM. After a 15-min rest, the
subjects performed 1 repetiion of 80% of 1IRM and a
20-repetition test at 60% of 1RM for the measurement of
time to peak force (TPF). In the latter test, TPF was deter-
mined for the first and last repetition in the seguence.
Subjects were informed to perform each repetition at max-
imum velocity.

After the strength tests, 1.5-h resting periods were given
before anaerobic threshold (Th,,) and maximal oxygen up-
take (VO,p,,) were determined during treadmill running
(6°). The protocol used for measuring Th,, and VO, has
been described previously (10). Bdefly, Th,, determination
began with a 10-min warm-up at 50-60% of VO,.,.
followed by measurement of baseline blood lactate concen-
tration ([la”],). Based on previous work in the author’s
laboratory (10), the Th,, was taken as the power output,
VO,, or heart rate (f.) that gave a A[la”}, of 1.5 mmol-L ™!
above baseline using 5-min work bouts during a continuous,
graded protocol. Subjects performed 5-min exercise stages
progressing in intensity between 60 and 95% of VO,
Running speed was increased by 1 kmt ™' at each stage,
after a 20-5 pause for blood sampling from a finger tip. After
subjects reached Th,,, treadmill speed was increased to a
level that brought the subject to VO,,,,,, using traditional
criteria (1), and close to exhaustion after about 3 min. The
highest f. during the last minute was taken as maximal heart
frequency (fomas)-

Day 2 On the second day of testing, the anaerobic
threshold (Th,, ;) and the peak VO, achieved during the
upper-body dominant activity of double-poling (VOspey)
was measured.” After familiarizing subjects with the ski
ergometer, the power output for warm-up was estimated.

TASLE 4. Percentage expression of physiological parameters.

The protocol for measuring Th,, ,; has been recently de-
scribed (31) and is similar to that described above for
treadmill ronning with two exceptions: the exercise stages
were 3 min in duration, and the A[la™], corresponding to
Thy, s Was 1.8 mmol-L ™ 'above baseline. Subjects per-
formed 3-min exercise stages progressing in intensity be-
tween 60 and 95% of VO,,,,,. Power output was increased
by 20 W at each stage after a 20-s panse for measuring
[la™},. After the subjects reached Th,, ,,;, the power output
was increased 1o a level that brought the subject to VOypeq,
using criteria previously described (30), and close to ex-
haustion after about 3 min. The highest f, during the last
minute was taken as peak f. working on the ski ergometer
(fepeai)-

Day 3. The final day of testing: consisted of an upper-
body ski ergometer test to exhaustion.

Subjects performed a 15-min warm-up on the ski ergome-
ter at an exercise intensity of about 60% of VO, fol-
lowed by a test to exhanstion. Double-poling exercise was
performed to temporary exhanstion at the power output
eliciting VO, during day 2 testing (maximal aerobic
velocity). This power output was identical in the pre- and
post-tests. Exhaustion was considered the time-point when
subjects could not mamtain their position on the ergometer
and the platform came behind a predetermined mark. Im-
mediately after the test, a blood sample was taken from a
finger tip for measurement of [la™],.

During the exhaustive test on the ski ergometer, peak
force (PF,;) and time to peak force (TPF,,;) were measured
from an average of 15 double-pole cycles collected 2 min
after the start. The double-poling economy, or cost of poling
(C.y) during the test, was calculated by dividing the oxygen
uptake (mLkg *“"min"") by the speed of poling
(mmin~").

Statistical analysis. All results are reported as means
(X) and standard error of mean (SEM) calculated by con-

% PF 1RM) i) (V) (5. S (%ol ems)
Pre
Strength group 437 + 52 MI=12 BB+ 15 526 931 =08 g7+ 13
Controd group 471 =65 804 =42 BG4 = 14 3.0 = 2.1 032 =14 525 + 0.6
Post
Strength group 285 =23 88.9=289 B3 =17 T4 =23 @510 832=+12
Control group 449 =35 8M.7=30 B43 =20 M9=37 9.7 =1.0 HIx14 :

X (SEMY), PF,,, peak force during poling 2t the test 1o exhaustion; V..., peak oxygen uptake at the ski ergomater; Th,,, anaerobic threshald running on the treadmill; Th, .
anasrobic threshold at the ski ergometer,
Significant difference, P < 0.01.
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TABKE 5- Restilts from tests on the ski ergometer.

L fla-1, TTE Cyels ratn -
(Lmin—") {mL-p~"min~") (mi-Ag—**-min=") TTE (min) (mmakL ") __{ppm)
Pra
Strangth group 26 =01 465+ 1.5 1752 £ 5.8 52+09 6.4 0.4 B8 =23
Control group 2901 467 + 21 1834 £74 40=039 57 =02 B4 =36
Post
Strength group 2901 485+ 22 1883 £ 7.4 123+ 15" 4902 B4=30
Cortrol group 31 x02 S08+20 1962 = 10.4 63+08" E6>03 58=43

¥ (SEM); ¥0,,.,, peak oxygen uptake during work on the ski ergometer; TTE, time to exhaustion during work on the ski ergometer; [la~], TTE, biood lactate concantration after the

test to exhaustion; cycle rate, the frequency of poling per minute (ppm) during the test to edaustion.
Significant differences: * P < 0.01; ** P < 0.007; * significant higher than the control group (£ < 0.01).

ventional procedures. Repeat-measure ANOVA was used to
determine differences in parameters between and within the
strength and control group during the experiment. Cormrela-
tions were calculated using Pearson product moment r. A P
value = (.05 was considered statistically significant.

RESULTS

The strength group performed 88.0% (=4.4%) of the
planned strength training. There were no initial differences
in any physiological parameter between groups. The
strength group had significantly improvement in double-
poling economy (C,,;) (Table 3), and there was a significant
correlation between the reduction in the relative force em-
pln}rﬂl working on the ski ergometer and improvement in

s (T = 0.67, P < 0.05) and between TPE,; and Ci; (r =
D SEr P < 0.01). There was also a cmrelannn between the
reduction in relative force employed (r = 0.81, P < 0.01),
TR = 071 P <. 04l C.. 0.~ 086
P <2 (0.001), and dme to exhanstion. There were no signif-
icant changes in Thy, and Th,, .; during the experiment
(Tables 3 and 4).

After the 9-wk intervention period, time to exhanstion at
maximal aerobic velocity on the upper body ski ergometer
test increased 136.5% (=7.3%) (P < 0.001) and 57.5%
(£5.7%) (P < 0.01) for the strength and control group,
respectively. The improvement in time to exhanstion was
significantly higher (P < 0.001) for the strength group
compared with the control group after training (Table 5).

IRM increased 14.5% (=1.8%) (P < 0.001) in the
swength group but was unchanged in the control group. The
strength group increased the peak force at 1 RM by 36.1%,
compared with no significant change in the control group
(Table 6). The strength group had 27.0% (+59%) (P <
0.03) reduction_in TPF,,, whereas the control group was
unchanged after the experimental period (Table §). PF,;

TABLE 6. Results from the strength tests,

expressed absolutely (N) did not change for any of the
groups during the experiment (Table 6). After the maining
program, the strength group used significantly less force
expressed in percentage of peak force at 1RM during double
poling, compared with the results from the pretest (Table 4).
No comrelation was found for time to exhanstion and 1RM,
but there was a significant correlation between improvement
in 1RM and improvement in TFF,, (r = —0.78, P < 0.01).
The maximal strength training also resulted in higher power
output at VO, (Table 6). No differences were observed
in poling frequency as a result of the training intervention
{Table 3). The maximal strength training had no impact on
body weight, and neither group changed body weight sig-
nificantly over the course of the study. Body weight at the
post tests were 56.5 (£1.7) kg and 63.2 (£2.4) kg for the
strength and control group, respectively. Body weights from
the pretests are presented in Table 1.

VOsp,, and VO, did not change significantly in either
group during the experimental period (Tables 1 and 5). The
values for VO, at the post tests were 3.3 L-min~' (*0.1)
and 3.7 L'min~" (+0.3) for the strength and control group,
respectively.

There was a correlation between VO, and VO,
(r = 0.85, P < 0.001), between VO,_,. and Th_ (r = 0.87,
P < 0.001), and between "»?OM and Thy, . (r = 0.78,
P << 0.001), but no correlation between Th,, and Th,, .
VO3pear> and Thy, 4 did not correlate with time to exhaus-
tion. Th,, for all subjects, corresponded to 84.0% of
VOomee o 91.0% of fo.., whereas Th, 4 occurred at
86.3% Of VOpey OF 92.3% Of fipear

No significant differences were found for minute venti-
lation, respiratory exchange ratio, f,, and [la J, at VO .,
and VO, during the experiment. The average values for
the post tests are therefore presented (Table 7). There were
no significant changes in Hb concentration or Het duning the
experimental period. The values for Hb concentration were

1 AM flg) PF 1AM (N) PF o (N} Power output (Watl)  TPFBA (ms) TPFEL,, (ms) PRy (ms)
Pre
Strength group MEx10 W2 =5 132+ 83 1217 =63 370 = 005 580 = .04 370 = D05
Gontrol growp %1 =21 443 148 = 154 1357 = &9 410 = 0.03 590 = 0.05 420 = D05
Porst
Strength group 284x12" 411 = 3.8* 17 + 163 152.9 £ 1247 260 = 0.03* 450 = 002 70 =003
Control group B3i+24 329 =28 148 = 11, EI 148.7 = 16.7 400 + ‘.H]ll 570 = 0.04 430 = 0.04

% [SEM) 1RM; one repeiiion maximum at the srength apparatus, PF 1AM peak force at 1AM, TPFBO, time 1o peak force a B0% af 1AM, TPF 6l 5, fime 0 peax force at 60% of
1RM at repatition number 20, PF,,,: peak forca during work al the ski ergometsr at the test 10 exhaustion; Power outpuU pOWer outpit at Waey.

Significant differences: * P < 0.05; "™ A< 0.01.
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TABLE 7 Physiological parameters 2t W0, and V0, during work on the =i
ergometer (5° inclination) and during the treadml test (6° inclination).

Variable V... : 0z
Power output (Watt) 183.9 = 14.5* 1514 =57
V7, (L-min~") 1104 + B3 108.7 = 5.3
. (Deszts-min~") 020+ 15 195.0 = 1.4
R 113+ 04 1.08 = 05
[la~], (mb) 6.7+02 64 =07

X (SEM) (N = 15); data shown are average results (N = 15) from the post tests. V,,
minute vertilation; R, respiratory exchange ratio; [la =], biood lactate concentration; T,
heart frequency.

Slgnificant ditference; P -< 0001,

13.8 (=1.1) gdL ™! and 14.1 (=1.4) gdL. ™", for Het 43.2%
(*+1.0%) and 45.5% (0.9%) for the strength and control
group, respectively. Values from the pretests are presented
in Table 1.

DISCUSSION

The results from the present study demonstrate that
movement specific and high-intensity strength training im-
proves upper body endurance performance by improved
work economy. The criterion measure of upper body endur-
ance capacity was time to exhanstion, anaerobic threshold,
and double-poling economy during a double-poling ergome-
ter test. Because the control group was engaged in a period
of training in preparation for the upcoming ski season, it is
not surprising that also their performance on the ski-specific
test to exhanstion improved over the 9 wk. Time to exhans-
tion in the control group increased by 57%. In contrast, the
strength-training group extended their performance time by
136%. The difference in improvement in time to exhaustion,
79%, between the strength and control group, is assumed to
be a result of the maximal strength training. The differences
in fime to exhaustion between the two groups and the
magnimde of improvement for the stength group were
larger compared with a similar study (11) using well-trained
male cross-country skiers. In that smdy, the increases in
time to exhaustion were 47% and 25% for the strength and
control group, respectively. This would seem only partially
explained by the fact that 88% of the planned strength
training were performed in the present study compared with
75% in the previous study (11). The preintervention level of
maximal strength was relatively lower for the female cross-
country skiers in the present smudy. Thus, the increase in
maximal strength may have a more pronounced effect upon
female cross—country skier’'s endurance performance.

The 15% iricrease in 1RM was in accordance with results
from a previous study (11). We consider the increase in
maximal strength reasonable considering that a very low
volume of strength training was performed. Compared with
former stmdies (14,15), the improvement in 1RM was
smaller in the present study. This may be due to differences
in muscle mass involved and muscle fiber type distribution
(1}, even though this was not tested in any of the smdies. As
suggested by Sale (21) and Scrmdtbleicher (25}, the present
strength training regimen improved IRM as well as tme to
peak force at 60% and 80% of 1RM. The two groups did not
differ in time spent performing strength taining. No
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changes in IRM or any of the force parameters for the
control group should call into question their strength train-
ing regimen, which is the one nommally wsed by cross-
country skiers. Training with low loads and high numbers of
repetition is more likely to be endurance than strength
training in the muscles involved, especially for these trained
athletes. Another explanation could have been lack of spec-
ificity in their strength training. The control group was not
restricted from specific strength training, provided that they

. performed at least 20 repetitions, as they normally do.

Therefore, this should not be a cause for lack of improve-
ment in IRM and force parameters.

Sometimes it might be advantageous to overcome resis-
tance with the greatest possible speed at the beginning of the
movement, when the external load is low and the duration of
the movement is short In such cases, the infloence of
maximal strength is diminished and the importance of the
rate of force development increases. Poling at high speeds
on flat terrain is an example of such a situation, and this
property seems more important in cross-country skiing after
the introduction of the skating techniques with high racing
speeds. Time to peak force decreased at the last repetition of
a 20-repetition test at 60% of 1RM for the strength group. In
addition, decreased time to peak force during the test to
exhaustion on the ski ergometer shows that the present
maximal strength training improves the ability of rapid force
development even when the musculature performs repetitive
poling cycles at high power outputs. This is in line with data
from Behm and Sale (2). It is important to underline that
during strength training, it is the speed of contraction that is
fast, mot the movement speed. Thus, the movement speed is
not as important, and the use of light weights that could lead
to high movement velocities and injuries due to momenium
does not have to constitute the only means of improving
power. There was a correlation between 1RM and time to
peak force working on the ski ergometer (r = —0.78, P <
0.01) and between improvement in 1RM and improvement
in double-poling economy (P = 0.67, P < 0.05) as well as
between time to peak force (r = 0.86, P < 0.01) and reduced
relative force employed (r = 0.81, P < 0.01) working on the
ski ergometer and double-poling economy. These results
sugpest that an increase in specific maximal strength com-
bined with specific endurance training leads to improved
double-poling economy. Improved double-poling economy
at maximal acrobic velocity extend the duraton of tme to

exhaustion. The improvement in double-poling economy

was not associated with changes in peak-poling force or
poling frequency. It appears that one of the major changes
was a decrease in the time to peak force during double
poling. Decreasing time to peak force working on the ski
ergometer without changing the poling frequency at a stan-
dard workload results in longer rest periods between strokes
and may enhance blood perfusion in the muscle resulting in
better mechanical efficiency during exercise.

What then could explain the control groups improvement
in the test to exhauston? It would have been namral to
expect improved double-poling economy due to 5 wk of
specific training. This did not happen, and one could then

Medicine & Science in Sports & Exerctes 873



suapect @ learning effect on the ski ergometer to be the cause
for their improvement in time to exhaustion, but then one
could again expect an improved poling economy. Consid-
ering the results from a previous stady (30), a learning effect
is not assumed to be the reason behind the improved time to
exhanstion for the control gronp. The most probably reason
for improvement cansed by their strength and endurance
training is the ability to work for an extended period of time
with relatively high levels of blood lactate acid.

The conductance theory (27) suggests that oxXygen con-
sumption in small muscle mass activities is limited by
peripheral factors such as quantity of muscle-mass involved,
restricted capillary density, the mean transit time of muscle
blood flow, and oxidative capacity. At maximal work, the
muscle mass involved in double poling in cross-country
skiing might be too small to receive all blood pumped to the
working muscles. When supplying a small muscle mass and,
thereby, a small capillary net, the heart must work against a
large peripheral resistance (5,26). Contractions using more
than 15% of maximal strength limit blood flow via vaso-
compression, and use of more than 70% of maximal volun-
tary conmtracon can transiently occlude the capillaries,
blocking blood flow entirely (27). The reduction of the
percentage usage of maximal force involved in double pol-
ing from 43.7% to 28.5% for the strength group, due to
increased level of maximal strength, may have facilitated
work economy and endurance time via enhanced blood
flow. If this is correct, one theoretically could have expected
a reduction in [la™}, at the post test for the strength group.
On the other hand, logically, a reduction in [la |, was not
expected because they probably did not lose their ability o
push themselves as long as possible at this standard exercise
intensity. A lower [la™], for the strength group could have
been expected if measuring the [la™ ], at the same tme at the
pre- and posi-test. If an increased level of maximal strength
led to enhanced blood flow after the strength training period,
one could then have expected higher ?Dw for the
strength group compared with the control group. A reason
that this did not happen may be that further improvement in
maximal strength is peeded to give perfusion conditions,
which could have significant effect upon VO,,,. This
assumes the strength level of the musculature to be a lim-
iting factor of VOyp,"Another and probably more factor-
limiting VO, is a limited capillary net and oxidative
capacity in the upper body musculature. Further studies are
needed to elucidate the perfusion conditions in the muscu-
lature during upper-body work in cross-country skiing.

Mo changes in VO, and Th,, measured while running
on the treadmill were expected because the endurance train-
ing the last 5 wk of the experimental period were dominated
by roller skiing and skiing. Because of this, it would have
been reasonable to expect improvement in VO, Thyy e
and the ratio berween VO, and VO,,,. A reason for
why this did not happen might be that the volume and/or the
quality of endurance twraining performed by the subjects
were oo low. The subjects’ endurance traming were dom-
inated by long-distance training and lmle high-intensity
training, which is the one presumably leading to improved
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VOypeqe and Thy, s of well-trained subjects (1). An addi-
tional explanation might be that the 5-wk period of specific
endurance training was too short to induce changes in these
mentioned parameters. In the present study, Th,, for all
subjects corresponds to 84% of VO, or 91% of [, in
accordance with results reported in previous studies (10,31}
on well-trained athletes. Th, ... for all subjects occurred at
86.3% Of VO ypeqy OF 92.3% Of fqy, in line with results in
a previous study (31).

The correlation between VO, and VO, was in
contrast to previous studies on male cross-country skiers
{18,30,31). The reason for this might, again, be that only 5
wk of specific endurance training had been performed and
that the endurance training performed in the months before
the experiment were, by environmental causes, dominated
by running.

In most studies combining strength and endurance, the
subjects training for both are exposed to a greater total
training volume compared with the subjects training only
for strength or endurance. Overtraining might cause a det-
rimental effect when combining the training regimens, Nel-
som et al. (19) claimed that simmltaneous training of strength
and endurance inhibits the normal adaptation to either train-
ing regimen when performed alome. A more interesting
question for the endurance athlete is how maximal strength
training affects the endurance performance because both
capacities are needed. There is also a gquestion how to define
aerobic endurance. More studies might have found positve
effect from strength training upon endurance performance if
considered working economy and time to exhanstion as
important factors. In the present study time to exhaustion at
standard workload is regarded as an important integrated
measure of aerobic endurance. At the post test, subjects tme
to exhaustion is close to the time spent during a 5-km race.

CONCLUSIONS

It is concluded that maximal strength training in the
upper-body improve the double-poling performance by im-
proved work economy. Work economy was improved by a
reduction in relative workload and time to peak force while
double poling. Time to peak force and reduction in relative
force employed working on the ski ergometer correlated
both with time to exhaustion and double-poling economy.
The results showed considerable potential for improvement
in IRM and time to peak force even when the strength
training is superimposed on a relative large volume of
endurance training.
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