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Abstract

Purpose Recovery within and between rounds is crucial to combat sports performance. We sought to determine whether
sprint interval training (SIT) improves recovery dynamics and aerobic performance.

Methods Eleven male kickboxing athletes (26 + 5 years; body mass index 25 +3 kg/m?) were recruited. Participants were
tested three times for VO,,,.,/time to exhaustion and critical power; baseline, 3 weeks control, 3 weeks of SIT (8 xX10's
lower body sprints followed by a maximum of 10 min recovery before completing 8 X 10 s upper body sprints). During SIT
session 1 and 9 continuous gas analysis was performed.

Results There was a significant reduction in recovery time between lower and upper body sprints with training (session
1: 441 +150 s; session 9: 268 +10 s; P <0.01; d=2.77) and change in oxygen off-kinetics amplitude (sessionl: 3.0+0.7
L/min, session 9: 3.6+ 1.0 L/min; P <0.05; d=—-1.77), VO, end (session 1: 0.59+0.19 L/min, session 9: 0.81 +0.21
L/min; P<0.05, d=-0.90), time constant (session 1: 81 +21 s; session 9: 60+ 11 s; P <0.05; d=1.03). Following training
there was a significant improvement in critical power (P <0.05; nzp =(.72) time to exhaustion (P <0.05; nzp =0.30) but not
VO, (P>0.05).

Conclusion SIT improves recovery time associated and aerobic performance associated with improved oxygen off-kinetics.
Therefore, training needs to focus on improving oxygen off-kinetics to enhance combat performance.

Keywords Aerobic fitness - Recovery - Sprint interval training - Combat sports - Kickboxing

Introduction reflecting the need to for a high capacity for recovery within

and between rounds.

Kickboxing is characterised as dynamic, intermittent, high
intensity activities that require complex skills and tacti-
cal awareness for success [28, 33]. The duration of bouts
varies depending on the competition but generally it is
between 3 and 12 rounds of combat with a 1-2 min recovery
period [35]. The work to rest ratio within rounds is similar
between the winning and losing athletes [34], however there
is a greater number of attacking movements from winning
athletes in kickboxing [28]. Across a fight the work to rest
ratio has been shown to increase as athletes tire, with an
increasing cardiovascular load and perception of effort [34],
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Recovery from high intensity intermittent exercise within
and between a round is suggested to be biphasic [38] and
speed of recovery is linked to a faster rate of phosphocre-
atine resynthesis, a greater acid/base buffering capacity
and a greater mitochondrial enzyme capacity for oxida-
tive metabolism [41]. Therefore, endurance capacity has
been seen as a major determinant of recovery kinetics post
exercise. When looking at repeated high intensity exercise,
endurance trained athletes have been shown to consume a
greater volume of oxygen over the course of the exercise
for the same power output [38]. This is then suggested to
result in a lower reliance on anaerobic metabolism. Fol-
lowing submaximal exercise, the greater oxygen consump-
tion of athletes with a high endurance capacity has been
shown to result in a faster excessive post exercise oxygen
consumption (EPOC) [38]. In contrast, following a single
30 s Wingate there was no relationship between EPOC and
endurance capacity as assessed by determination of maximal

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42978-023-00273-6&domain=pdf
http://orcid.org/0000-0002-7427-7841

Journal of Science in Sport and Exercise

volume of oxygen consumption (VO,,...) [9]. This suggests
the relationship between endurance and recovery may not
be as simple as an athletes VO,,,,,. For example, there is a
strong positive relationship between faster oxygen kinetics
and endurance capacity of athletes [32].

Given the association of endurance with recovery, there
is a need to find training modalities that enhance both in
combat sports. Typically, kickboxing athletes have been
shown to have a VO,,,,, of 53.9 mL/min/kg [35] but can
be as low as 48.5 mL/min/kg [35], which is similar to other
combat sports [5]. This may suggest that combat training
does not target large endurance adaption which may limit
the athlete’s ability to recover between rounds. Cycle based
sprint interval training (SIT) can be defined as supramaximal
all-out efforts for a short time period (<30 s) interspersed
with period of recovery [23]. Typical adaptations to SIT
are increased mitochondrial oxidative enzyme content and
activity, increased muscle capillarisation and improved
lactate metabolism [23], leading to decreased fatiguabil-
ity of the skeletal muscle [23]. In contrast, improvements
in VO, following 6 weeks of SIT has also been associ-
ated with central adaptations with increased cardiac output
and stroke volume reported [24]. This improvement may
be related to improved vascular distensibility following
SIT [30]. In contrast, Raleigh et al. [31] found no change in
cardiac output following 4 weeks of training but showed a
greater extraction across the muscle. Within combat sports,
SIT interventions have been shown to increase both aerobic
and anaerobic performance [1, 27] suggesting it is an effec-
tive training modality to improve performance. However, to
date no studies have looked at the effectiveness of SIT for
improving recovery dynamics. Given the changes reported
with SIT then it could be that both central and peripheral
adaptations will drive recovery.

Given that endurance capacity is strongly associated with
recovery and SIT has been shown to elicit both central and

peripheral improvements associated with endurance, then
the aim of the current study was to determine whether SIT
reduces self-selected recovery time between high intensity
bouts of exercise. It is hypothesised that improvements in
oxygen kinetics and muscular performance following SIT
will increase the speed of recovery.

Methods
Participants

Eleven male kickboxers (26 +5 years; height 177 +7 cm;
body mass 81 + 11 kg; body mass index 25 + 3 kg/m?) were
recruited for the study. All participants had a minimum of
2 years experience in kickboxing and had no musculoskel-
etal injuries over the previous 6 months. Participants were
informed of the study verbally and in writing before provid-
ing written consent. A completed Physical Activity Readi-
ness Questionnaire screened for any health issues. The study
was fully approved by the Abertay University Ethics Com-
mittee and carried out in line with the Declaration of Hel-
sinki, 2013. Overview of the study design is shown in Fig. 1.

Testing

Participants were asked to refrain from alcohol and strenu-
ous exercise for 24 h prior to testing and to consume no food
or fluids for 4 h beforehand. All testing was carried out at
the same time of day and in the same order across the test-
ing periods.

Incremental Test

Seat height was adjusted on the cycle ergometer (Monark
894E, Monark, Varberg, Sweden) to ensure full extension of

Fig.1 Overview of the study

design
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the leg on the pedal downstroke. Participants were then con-
nected to the gas analyser (Metalyzer 3B, Cortex, Leipzig,
Germany) and asked to cycle at 60 revolutions per minute (r/
min) throughout the duration of the test. Testing started with
1 kg of resistance on the ergometer and was increased by
0.5 kg/min. When the participant could no longer maintain
60 rpm the test was stopped, and the time taken and recorded
as the participants time to exhaustion. VO, was taken as
the highest 30 s average across the test.

3-min Critical Power

On a separate day (a minimum of 48 h post incremental test),
participants carried out a 3-min critical power test [39]. Seat
height was set at the same height as the incremental test,
participants were then asked to cycle at 60 r/min (Monark
894E, Monark, Varberg, Sweden) against 1 kg resistance for
4 min. Participants then performed a 3 min ‘all-out’ criti-
cal power test against 4.5% body mass. The test began as
soon as the participants reached 110 r/min with strong verbal
encouragement throughout, but no time indication given.
Power output (Watts) was recorded using Monark software
(Monark Anaerobic Test Software Version 2.24.2, Monark
Exercise AB), with the average final 30 s of the test taken
as CP. The power time curve was then analysed using a first
order exponential decay;

W() = YO + A x (exp /™)

where YO is the asymptotic value for power; TD is the time
constant and A is the difference between W ., and W,,.
Critical power was taken as the asymptotic value for power
(YO).

Control Period

Given that the homeostatic stress to an exercise session is
different between people [25], then this would impact on
recovery duration selected and result in greater variability
in the outcome measure if a separate control group were
utilised. Therefore, a self-controlled design was used where
participants were asked to continue with their own training
for 3 weeks after baseline testing and retested before under-
taking the training intervention.

Training Intervention

Training sessions were carried out three times per week
over 3 weeks, with 48 h between sessions. Session warm-
up consisted of a 4-min lower body cycle at 60 r/min against
1 kg resistance. Following warm-up, participants carried out
8% 10 s sprints against 8% body mass with 30 s recovery
between each sprint. Resistance dropped once participants

reached 110 r/min. After lower body sprints, participants
had a seated recovery period which could last no longer than
10 min, with the participant indicating when they felt that
they were sufficiently recovered. Participants then moved to
the upper body arm ergometer (Monark 891EW, Monark,
Varberg, Sweden), kneeling in front with buttocks touching
heels. Participants then carried out 8 X 10 s sprints against
4.5% body mass with 30 s recovery between each sprint.
Resistance was constantly applied.

Session 1and 9

During the first and last training session, participants had a
fingerprick blood sample prior to starting the training ses-
sion to measure baseline blood lactate concentration (Lac-
tate pro, Arkay Inc., Kyoto, Japan). Blood samples were then
collected immediately after lower body sprints and imme-
diately before upper body sprints. During training session 1
and 9 participants were connected to a calibrated breath by
breath oxygen analyser (Metalyzer®3B gas analyser, Cortex,
Leipzig, Germany) and VO, and VCO, recorded through-
out. Participants were told they has a maximum of 10 min
recovery time and should inform the researcher once they
felt that they were sufficiently recovered. Recovery time
between lower and upper body sprints was then recorded
and VO, and VCO, data exported as 1 s averages. Oxygen
off-kinetics was fitted with a mono-exponential function [6],
using QtiPlot Software (Version 1.1, Bucuresti, Romania).

X(t) = Xgg — A X [I —e™T/7]

where, A is the asymptotic value for the exponential term, T
is the time constant for decay, and TD is the time delay and
Xgg 1s the end VO, for recovery. Due to data corruption,
VO, and VCO, data was only available for 9 participants for
both session 1 and 9. The goodness of fit for the exponential
function for session 1 was R> 0.92 and session 9 was R* 0.91.

Data Analysis

All data are presented as mean + standard deviation. All data
analysis were completed using Jamovi (version 1.1.9). Sha-
piro—Wilk test and visual analysis were conducted to ensure
normal distribution and a repeated analysis of variance
(ANOVA) was used to determine the difference between
each testing session, with LSD post hoc analysis. Data for
training session 1 and 9 were analysed using a paired sam-
ples t-test. Significance was accepted at P <0.05. Partial eta
squared (nzp) were calculated for effect size for ANOVA
where 0.02 is a small effect size, 0.13 is a medium effect size
and 0.26 is a large effect size [3]. Cohens d were calculated
for effect size for t-test where 0.2—0.5 small, 0.6—1.1moder-
ate, and 1.2-1.9 as a large effect [12].
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Multivariate linear analysis: Multivariate linear regres-
sion was carried out for recovery time, TTE and CPj5,.
Prior to being included in the model covariates were
checked for independence using Pearson’s correlation.
There was a significant correlation between VO, and
VCO, area under curve (r=0.92; P <0.001), last 60 s
VO, and VCO, (r=0.92; P <0.001), therefore all mul-
tivariate regression analysis were only run on VO, data.
Covariates for the recovery time model were the last 60 s
VO,, recovery between sets VO, area under the curve,
amplitude, time constant and change in blood lactate after
exercise. There was a significant correlation between
CP;, and YO (r=0.97; P<0.001), therefore model was
only run on CPj,. Covariates for TTE and CP;, were
last 60 s VO,, total work done in the lower body sprints,
Amplitude, and time constant of oxygen off kinetics. All
models were checked for collinearity and if the variance
inflation factor (VIF) value for each covariate was less
than 3 with a tolerance greater than 0.2 then they were
assumed to be independent factors [17].

Results
Training

There was no significant difference between training sessions
for peak or average power for any sprint (data not shown).
Following 9 SIT sessions, lower body VO, area under the
curve (AUC) during sprint and recovery was significantly
different (sprint AUC: P <0.001; nzp =0.46; recovery AUC:
P<0.001; nzp =0.25; Table 1). For lower body VCO, AUC
there was a significant effect of training session on for
sprints but not recovery (sprint AUC: P <0.001; nzp =0.24;
recovery AUC: P> 0.05; nzp =0.01; Table 2). Area under the
curve for VO, for overall recovery from lower body sprints
was significantly lower in session 9 compared to session 1
(P<0.05; d=0.95; Table 1). Likewise, AUC for VCO, for
overall recovery from lower body sprints was significantly
lower in session 9 compared to session 1 (P <0.05; d=1.34;
Table 2). There was a significant effect of training session
on upper body VO, area under the curve (sprint AUC:
P<0.001; 7°,=0.57; recovery AUC: P<0.001; °,=0.20;
Table 1) and upper body VCO, area under the curve for

Table 1 Area under oxygen

. . . Training session
curve in training session 1 and 9

Lower body O, AUC (mL/min-s)

Upper body O, AUC (mL/min -s)

@ Springer

Session 1 Session 9 Session 1 Session 9

Sprint 1 12,516 +4350° 15,622 +5772°° 10,156 +3443° 12,963 +2826*°
Sprint 2 29,124 +8307 32,702 +£7756* 16,211 +£6543° 20,947 +6615*¢
Sprint 3 31,533 +9599 35,198 +8087* 19,936 +5307 24,105 +7674%
Sprint 4 31,044 £ 8569 35,284 +8420* 21,633 +6123 26,041 +6847*
Sprint 5 31,791 +10,369 35,248 +8138* 22,297 +5570 26,216 +7798*
Sprint 6 33,744 +11,028 35,370+8971% 21,620 +5925 26,904 +7366%
Sprint 7 33,735 +9903 36,437 +9066* 21,339 +5087 26,228 +6922%
Sprint 8 32,345 +9534 36,901 +9905* 22,296 +5598 24,343 + 6564
Recovery 1 58,982 + 14,572 64,517 £ 14,569 37,433+15495°  45,025+15,058
Recovery 2 81,388 +20,670 87,012 +20,670 50,498 +17,689 58,386 +20,264
Recovery 3 85,990+22,508 91,499 +21,382 56,644 + 15,444 65,325+ 18,941
Recovery 4 85,826 +21,868 91,044 +23,162 58,645+ 16,432 65,978 +17,504
Recovery 5 90,460 +25,142 93,496 +24,742 60,558 +16,756 68,590 +21,065
Recovery 6 92,828 +25,084 95,264 +25,180 61,636 +16,162 67,563 +19,293
Recovery 7 90,154 +23,433 96,039 +24,298 59,047 +£15,818 66,936 + 19,460
Recovery 8 86,561 +19,322 97,696 +25,294* -

Between set recovery

491,053 + 165,040

369,259 +81,019*

AUC area under the curve

4P <0.05 session 1 compared to session 9

p<0.051 compared to 2, 3,4, 5, 6, 7, 8 in the same session

°P<0.052 compared to 5, 6, 7, 8 in the same session

4P <0.05 2 compared to 6 in the same session

¢P<0.05 1 compared to 3, 4, 5, 6, 7 in the same session

fpP<0.051 compared to 3, 4, 5, 6, 7 in the same session
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Table 2 Area under carbon

.. . e . Training session
dioxide curve in training session

Lower body CO, AUC (mL/min-s)

Upper body CO, AUC (mL/min-s)

land 9 Session 1 Session 9 Session 1 Session 9
Sprint 1 11,015 +4114° 13,334 +4898° 10,541 £3186° 13,950 +3318%°
Sprint 2 32,537 +9220° 35,307 +8383¢ 15,456 +4769" 19,391 +6075%
Sprint 3 41,174+ 10,051 43,028 +7136 19,868 +5707 22,225 +5963%
Sprint 4 40,759 +9228 43,617 + 68907 22,041 +6613 23,987 +5637
Sprint 5 39,328 +9506 41,731+ 6824 22,361 +5488 23,949 + 5696
Sprint 6 38,814 +9381 39,794 + 6941 21,463 +5740 24,196 +4970?
Sprint 7 37,224+ 8442 39,117 +6766 21,406 +5291 23,511 +5291
Sprint 8 34,645 +7999 38,010 +6909* 22,025 +5547 22,025 +5547%
Recovery 1 56,154 +13205¢ 64,517 + 14,569° 36,349+ 11,0228 42,977 +12,837%¢
Recovery 2 95,309 +20,351 96,868 +19,977 49,047+13,000 54,006+ 17,177
Recovery 3 105,569 +22,809 105,272 +17,693 57,190+ 13,449 60,084 + 15,984
Recovery 4 102,430+20,170  102,150+18,429  59,367+15,191 60,889+ 13,581
Recovery 5 101,713 421,549 99,995+ 19,386 60,169+14,344  62,277+15,256
Recovery 6 102,266 +17,594 99,009 + 18,059 60,432+15,399 60,543 +13,539
Recovery 7 95,623 + 18,057 96,887 + 16,958 57,832+15294 58,641 +12,920
Recovery 8 91,357+17,796 96,248 + 17,908 - -
Between set recovery 571,900+ 116,832 454,426+ 123,598* - -

4P <0.05 session 1 compared to session 9

bp<0.051 compared to 2, 3,4, 5, 6, 7, 8 in the same set
°P<0.05 2 compared to 3, 4 in the same set

4p<0.051 compared to 2, 3,4, 5, 6, 7 in the same set
¢P<0.05 1 compared to 3, 4, 5, 6, 7, 8 in the same set
fP<0.052 compared to 4, 5, 6, 7, 8 in the same set
€P<0.05 1 compared to 3, 4, 5, 6, 7 in the same set

sprints and recovery (sprint AUC: P<0.001; ;72p=0.31;
recovery AUC: P<0.05; nzp =0.11; Table 2).

Recovery time between sprint sets (i.e. from lower body
to upper body sprints) was significantly lower in session 9
compared to session 1 (session 1: 441+ 150 s; session 9:
268+ 10s; P<0.01; d=2.77; Fig. 2C). During the recovery,
VO, and VCO, plateaued prior to recovery and the aver-
age of the last 60 s for VO, and VCO, was significantly
higher in session 9 compared to session 1 (VO, session 1:
771 +254 mL/min; VO, session 9: 1007 +292 mL/min;
P<0.01; d=-1.36; VCO, session 1: 859 +316 mL/min;
VCO, session 9: 1190 +398 mL/min; P <0.01; d=-2.76;
Fig. 1A, B). This represents a significantly greater percent-
age of incremental VO, in session 9 compared to ses-
sion 1 (% peak session 1: 20% % 5%; session 9: 26% +5%;
P=0.002). There was a significant difference in the ampli-
tude of oxygen off kinetics in session 9 compared to session
1 (session 1: 3.0+ 0.7 L/min, session 9: 3.6 + 1.0 L/min,;
P<0.05;d=—-1.77), VO, end (session 1: 0.59+0.19 L/min,
session 9: 0.81 +0.21 L/min; P<0.05, d=-0.90) and in
time constant (session 1: 81 +21 s; session 9: 60+ 11 s;
P <0.05; d=1.03).

There was no significant difference in blood lactate
between session 1 and 9 either immediately post sprint

or after the recovery period (post sprint session 1: 13.3
+ 1.7 mmol/L; post sprint session 9: 14.5+0.7 mmol/L;
post recovery session 1: 12.5 + 1.6 mmol/L; post recovery
session 9: 13.6 +0.9 mmol/L). The change in blood lactate
from rest to immediately post sprint was not significantly
different between sessions (session 1: 11.2 + 1.6 mmol/L;
session 9: 12.1 + 1.8 mmol/L). The change in blood lactate
from rest to immediately post sprint was not significantly
different between sessions (session 1: — 0.8 0.8 mmol/L;
session 9: — 0.6 + 1.0 mmol/L).

Following multiple regression analysis of the recovery
time, using last 60 s VO,, recovery between sets VO, area
under the curve, Amplitude, time constant and change in
blood lactate after exercise as covariates, there was an R?
of 0.903 (P <0.001). There was a significant effect for VO,
area under the curve (P=0.015), last 60 s VO, (P=0.003),
and amplitude (P =0.041) with recovery time but not for
time constant (P =0.627) or change in blood lactate after
exercise (P=0.733). The standard f estimate for VO, area
under the curve was 0.49 (lower 95% CI 0.12, upper 95% CI
0.86); for last 60 s VO, was —0.55 (lower 95% CI —0.85,
upper 95% CI —0.24) and for amplitude was —0.33 (lower
95% CI —0.64, upper 95% CI —0.02).
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Fig.2 Change in recovery
metrics. A Volume of oxy-

gen consumed, B volume of
carbon dioxide produced, C
self-selected recovery time.
*P <0.05 session 1 compared to
session 9
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Performance

Across the study there was no significant time effect for
body mass, BMI, VOzpeak, amplitude of power decline or
time constant for power decline (P> 0.05; Table 3). There
was a significant time effect for TTE (P <0.05; n2p= 0.30;
Table 3), CP;, (P <0.05; nzp =0.72; Table 3) and YO
(P<0.05; r]zp =0.68; Table 3). Following the intervention,
TTE, CP;; and YO were significantly improved compared to
pre 1 and pre 2 (P <0.05; Table 3).

Following multiple regression analysis of the time to
exhaustion or critical power, using last 60 s VO,, total work
done in the lower body sprints, Amplitude, and time constant
of oxygen off kinetics as covariates, there was an R of 0.96
for TTE (P <0.001) and 0.94 for CP;, (P <0.01). There was
a significant effect for amplitude (P <0.001), and time con-
stant (P=0.016) for both TTE and CP5,. For TTE, the stand-
ard p estimate for amplitude was 0.95 (lower 95% CI1 0.77,
upper 95% CI 1.13) and for time constant was 0.22 (lower
95% CI 0.05, upper 95% CI 0.38). For CP5, the standard f
estimate for amplitude was 0.87 (lower 95% CI 0.64, upper
95% CI 1.10) and for time constant was 0.31 (lower 95% CI
0.02, upper 95% C10.61).

Discussion

The major finding from this study is the improvement in
self-selected recovery time across a lower and upper body
sprint training protocol. Following 9 sessions, recovery time
was reduced by 41% + 10% compared to session 1 (Fig. 2C).
This improvement in recovery time was associated with
lower between sets recovery area under the curve for VO,
or VCO, and a higher plateau value for VO, or VCO, but not
to the metabolic demand of training or blood lactate levels
post exercise or at the end of recovery. We also report sig-
nificant training adaptations in aerobic performance without
any improvement in maximal aerobic capacity (Table 3).

Table 3 Change in performance outcomes

Variable Pre 1 Pre 2 Post

BM (kg) 79+ 12 78+11 78+11
BMI (kg/m?) 25+3 25+3 2444

TTE (s) 497 +102 502+ 105 525+ 106*°
VO, (mL/kg/min) — 44.0£11.6  459+11.8  454+99
CP,, (W) 178 +£49 187 £50° 203 +48*°
YO (W) 18152 191 +48° 201 £47*°
A (W) 558 +157 582+190 537+ 148
t(s) 26.1+7.5 22.8+6.4 21.6+6.6

4P <0.05 pre 1 compared to post
°P <0.05 pre 2 compared to post

Lower Body Sprints

Over the 9 sessions there was no significant change in lower
body peak or average power across any sprint. Despite no
change in power production there was a significant increase
in the extent of oxygen consumption as determined by area
under the curve for each sprint (Table 1). This suggests a
greater aerobic demand for each sprint with potentially a
lower anaerobic demand following training. A progressive
30 s sprint protocol over 8 weeks has been shown to have no
effect on anaerobic demand during sessions but result in an
increased aerobic load [4]. In contrast to the current study
the authors report an increase in average power across the
training sessions [4] however training frequency was greater
and there was a larger work to rest ratio then used in this
study. It has been well documented that larger work to rest
ratios promote changes in power production [20]. Sprint
duration does not impede aerobic adaptations to SIT [40, 42]
suggesting similar mitochondrial adaptations or capillarisa-
tion changes regardless. Therefore, the greater VO, AUC
during the lower body sprints, reflects the greater capacity
for the muscle to utilise aerobic metabolism.

The overall AUC for the recovery after the lower body
sprints was significantly lower from session 1 and session 9
(Table 1). Whilst the AUC is lower, this reflects the shorter
recovery time, and the overall oxidative demand of the
recovery period is higher (Fig. 2A). This is reflected by the
significant increase in VO, during the last 60 s of recovery.
There is also a lower AUC for VCO,, with a greater VCO,
during the last 60 s of recovery (Table 2, Fig. 2B). Together
with the greater VO, load this suggests a greater metabolic
load during the recovery phase following 9 sessions of SIT.
With greater oxygen consumption over the recovery period
there will be greater opportunity for muscle oxygen transport
and increased oxidative metabolism leading to a faster rate
of phosphocreatine recovery [26].

In session 9 the oxygen off kinetics were different from
session 1 with a significant increase in amplitude and a
significant reduction for the time constant. The increase
in amplitude reflects the increased oxygen demand of the
recovery period post sprints as shown by the change in
AUC. The reduction in time constant of off kinetics has
been demonstrated previously in response to training [6] or
with endurance training status [10]. In judo fighters, the time
constant for recovery was reduced by 22% over 12 weeks of
judo specific high intensity training [7], which is similar to
the reduction seen following 9 sessions of cycle based SIT
in the current study (23% = 19%). Within football players,
faster time constant of VO, off kinetics has been strongly
associated with improved intermittent exercise performance
[15]. Together this improved speed of oxygen recovery post
sprints suggests a faster rate of removal of possible fatigue
metabolites and a maintenance of intermittent performance.
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Time to Recovery

Following 9 sessions of SIT, there was a 173 s reduction in
self-selected recovery time between lower body and upper
body sprints (Fig. 2C). This much faster recovery from exer-
cise was strongly associated with the amplitude of oxygen
off kinetics, last 60 s VO, during recovery and the AUC for
VO,. This suggests that time for recovery is linked to the
oxidative demand during recovery and the new plateau seen
for both VO, and VCO, following training (Figs. 2A and B).
Given that the same power output was seen across sprint ses-
sion then the elevated levels of VO, and increased amplitude
reflect greater oxidative metabolism across the recovery time
in the skeletal muscle. Recovery of force post exercise has
been shown to be related to increased citrate synthase activ-
ity and oxidative potential of the skeletal muscle [19] and
PCr recovery has been shown to be limited by oxygen avail-
ability post exercise [18]. Group IIL.IV afferent activity have
been shown to limit oxygen delivery to the skeletal mus-
cle [2], therefore the SIT training may induce less afferent
feedback during recovery which promotes a faster recovery
time. Further research is needed to look at the effect of SIT
on fixed recoveries that are typically seen in combat sports.

Upper Body Sprints

The aerobic demand, as assessed by VO, AUC, of the
upper body sprints are significantly different in session 9
compared to session 1 for all sprints except the final sprint
(Table 1). Across the first three sprints there is a gradual
increase in VO, AUC and then oxidative contribution to the
sprints plateau (Table 1). A similar plateau is seen in oxida-
tive contribution across 4 X 30 s upper body Wingates [16].
However, following upper body SIT utilising longer work
to rest ratios there was no change in aerobic demand during
an upper body Wingate [22]. For lower body sprint training
it has been established that longer work to rest ratios limit
aerobic adaptation [20] and it seems reasonable to assume
this will be a key component for upper body adaptation as
well. Given that aerobic metabolism has been suggested to
contribute close to 50% of total energy during an upper body
Wingate [29], then this increased aerobic demand may be
beneficial to overall upper body performance.

Aerobic Performance Adaptations

Following 9 sessions of SIT, there were significant improve-
ments in incremental time to exhaustion and critical power/
YO but no change in VO, (Table 3). The improvement
in both time to exhaustion and critical power are similar
to those reposted previously following SIT [40] and were
strongly related to the change in amplitude and time constant
of the off-oxygen kinetics. Given the symmetry reported
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between on and off oxygen kinetics [36] then this relation-
ship may reflect improvements in on oxygen kinetics during
the exercise. It has been suggested that poor oxygen kinetics
leads to the build up of anaerobic by-products which leads
to the early onset of fatigue [37]. Improvements in oxygen
delivery and utilisation during exercise will increase the
intensity where anaerobic demand is delivered and lead to a
higher power output through oxidative metabolism [8]. It has
been established that improved mitochondrial density and
mitochondrial enzyme activity within skeletal muscle occurs
following SIT training [23] and computer modelling high-
lights the importance of mitochondrial function for oxygen
on kinetics [21]. Following 2 weeks of high intensity interval
training, using 60 s intervals, an improvement in mitochon-
drial enzyme function has been linked to improvements in
oxygen on kinetics during exercise [11]. Given that duration
of interval for training has been shown to have no impact
on mitochondrial adaptation [23] then it seems reasonable
to assume a similar response in the current study. Further
research is needed to determine the upper body adaptation
to this type of training protocol.

Practical Applications and Conclusion

The ability to rapidly utilise oxidative metabolism is crucial
for repeated high intensity events to prevent the early onset
of fatigue [37]. Given the intermittent nature of kickboxing
improving skeletal muscle oxidative function is crucial for
recovery and to maintain a high work rate across compe-
tition [13]. The findings from this study suggest that the
adaptations from cycle-based SIT would be beneficial for
kickboxers, promoting faster recovery and delaying the
onset of fatigue, without any change in maximal aerobic
capacity. Further the increased aerobic function of the upper
body during sprints may allow an athlete to maintain a high
upper body work rate meaning the athlete is able to main-
tain defensive as well as offensive work rate [14]. Given
that winners have a higher frequency of attacking [28] then
improved aerobic function will enhance ability to maintain
the required work rate. There is a strong correlation between
endurance components and self-selected recovery, how-
ever further work is required to look at recovery in a more
sport specific way (such as simulated competition) to fully
understand the important physiological changes to enhance
performance.
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