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Abstract: The study examined the effect of set sequence on performance and physiological responses
in a training session and in each set separately. Twelve male swimmers performed four sessions in a
randomized order, including a combination of two training sets: (i) set A-set C, (ii) set C-set A, (iii) set
B-set C, (iv) set C-set B. Set A consisted of 8 × 200 m at a speed corresponding to lactate threshold
(30 s recovery), set B included 8 × 100 m at the maximal aerobic speed (30 s recovery), set C included
8 × 50 m sprints at 95% of the maximum 50 m speed (30 s recovery). Speed, blood lactate, pH, base
excess, bicarbonate and heart rate variability (HRV) were measured. Speed in each set was similar
between sessions irrespective of set sequence (p > 0.05). Physiological responses during sets A and
C were similar in all sessions (p > 0.05). In set B, when applied after set C, the metabolic response
increased, and HRV decreased (p < 0.05). Overall, session biochemical disturbance was higher when
set C was applied before sets A and B (p < 0.05). The magnitude of metabolic and HRV responses in
a set conducted at maximal aerobic speed, but not at lactate threshold intensity, is increased when
applied after sprint intervals.

Keywords: swimming; performance; interval training; heart rate variability; training load

1. Introduction

Combining high-intensity and low-intensity training sets represents an important
component of planning training sessions to enhance athletic performance [1]. Especially
during the specific and competitive mesocycles of an annual training plan, the combination
of training sets performed at different intensity domains in the same training session is a
common practice [2]. During training sets around the lactate threshold (LT), blood lactate
(BL) and oxygen uptake can be maintained stable at a range of 3–6 mmol·L−1 and 80–87%
of VO2max, respectively, in competitive swimmers [3,4]. Accordingly, during training at
intensities near the maximal aerobic speed (MAS), a continuous rise in lactate concentration
may be observed, and BL values of 9–10 mmol·L−1 may be reached [5]. During repeated
sprints (efforts lasting 10–30 s), a peak metabolic response (BL: 12–17 mmol·L−1) is expected
due to the maximal exercise intensity [6,7].

When more than one training set is applied in a training session, apart from the
acute physiological responses, the changes in physiological parameters during recovery
after the first set may also influence performance and physiological responses observed
during the following single or repeated sprints. Even after a six-minute recovery between
sets, BL is maintained at values similar to those reached in the previous 8 × 25 m all-out
training set (10–13 mmol·L−1), without affecting performance in a subsequent 50-m all-out
effort [8]. When longer recovery (i.e., 10 min) is applied after a 200 m all-out effort, lactate
concentration remains high (~7 mmol·L−1) with passive recovery and performance is
reduced in a subsequent effort [9].
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In a series of maximum-intensity efforts where glycolysis is activated, increased
lactate and the resulting pH reduction inhibit glycolytic enzymes [10], leading to impaired
muscle function. However, a moderate reduction in pH, as occurs in priming exercise,
results in beneficial responses, such as faster oxygen uptake kinetics, increased muscle
oxygen delivery and the activation of aerobic key enzymes [11,12]. A combination of the
above-mentioned responses may enhance performance or alter the energy contribution
in aerobic-dominated training sets when applied after high-intensity and short-duration
efforts [12], thus affecting the observed physiological responses. On the other hand, an
aerobic-dominated priming exercise (such as a long-duration training set) may induce
a substantial reduction in glycogen stores [13] and magnify any perceptual response.
However, the effects of aerobic priming on subsequent repeated efforts requiring increased
anaerobic contribution have received limited attention in swimming.

A previous study examined the effect of aerobic and anaerobic set sequences in a
training session, including an all-out training set of 4 × 50 m front crawl swimming [14].
However, the long 2 min resting interval applied between 50 m sprints in the previous
study may substantially alter the acute physiological responses [15] compared to a short
rest interval high-intensity training set that may regularly be applied in other types of
training sets aiming to improve anaerobic capacity (speed endurance) [7]. When long
recovery periods are applied between 50 m sprints (work:rest ratio >1:3) BL may reach
levels above 18 mmol·L−1 [16,17] compared with training sets applied with shorter recovery
periods (about 14 mmol·L−1 in 1:1 work:rest ratio [7,14]). The difference in work:rest ratios
during sprint intervals may also be a significant cofactor affecting autonomic nervous
system (ANS) function [18] and the glycolytic contribution in energy turnover affecting
performance in subsequent effort [19].

Undoubtedly, there are training periods when it is required to incorporate two or
more divergent training modalities, such as aerobic, speed and speed endurance training
in the same session [20]. What remains unclear is whether an implementation of an aerobic-
dominated training set may affect performance and physiological responses to a subsequent
training set aiming to maintain anaerobic stimulus and vice versa. Thus, the purpose of
this study was to examine the performance and physiological responses of aerobic sets and
an anaerobic set separately and during a training session following different set sequences.
It was hypothesized that a training session including sprint intervals followed by a training
set that stimulates mainly aerobic metabolism would magnify the overall session metabolic
and biochemical response compared to the reverse order. A secondary hypothesis was that
performance and physiological responses in each set separately would be affected by the
application of the previous training set.

2. Materials and Methods

Twelve male highly trained/national level swimmers (age: 19 ± 2 years, body mass:
80.2 ± 9.0 kg, height: 183 ± 6 cm) specialized in 100 and 200 m events completed this
study. Their best performance in the 200 m front crawl was above the 90th percentile of
the national record and 86th percentile of the world record (119.1 ± 5.8 s, 635 ± 91 World
Aquatics points) [21]. All tests were carried out during the mesocycle of specific preparation
and applied approximately the same time of day, each one separated by at least 48 h, in
a 25 m indoor swimming pool with constant water and ambient temperature (24–25 ◦C,
27–28 ◦C, respectively). Participants recorded their diet two days before the first testing
session and were asked to follow the same diet two days before each of the following
testing sessions.

2.1. Preliminary Tests

Before each test, a standardized warm-up was applied (400 m front crawl, 200 m front
crawl drills, 4 × 50 m front crawl at pace 80% of personal best 400 m, one 12.5 m sprint).
On the first visit, swimmers performed 50 and 400 m front crawl all-out efforts applied
with push-off from the pool wall. A 10-minute active and 20-minute passive recovery was
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allowed between efforts. The mean speed of the 400 m test was used for the assessment of
MAS [22]. On a second visit, an incremental 5 × 200 m front-crawl test was performed and
was used to determine the individual LT [23]. The time for each 200 m was recorded using
a digital stopwatch (FINIS 3X300, Finis Inc., Livermore, CA, USA) by two independent
timekeepers. Fingertip blood samples were collected within the first 30 s of recovery after
each 200 m repetition to measure lactate concentration (Lactate Scout+, SensLab GmbH,
Leipzig, Germany). Heart rate (HR) was recorded continuously using an optical HR sensor
(OH1; Polar Electro Oy, Kempele, Finland).

2.2. Main Tests

According to performance times in preliminary testing, three training sets were
planned with the following characteristics. Set A consisted of eight repetitions of 200 m
(8 × 200 m) with intensity corresponding to the speed at LT [3]. Set B consisted of eight
repetitions of 100 m (8 × 100 m) with intensity corresponding to MAS [24]. Both set A and
B repetitions of 200 and 100 m were separated by a 30 s recovery period. The third set, C,
consisted of eight repetitions of 50 m (8 × 50 m) swimming at 95% of the all-out 50 m effort
conducted in the preliminary tests and 1:1 swimming:recovery ratio [7]. Four sessions
including the above-mentioned training sets were performed in randomized order: (i) set
A of 8 × 200 m followed by set C of 8 × 50 m (A-C), (ii) set C of 8 × 50 m followed by set A
of 8 × 200 m (C-A), (iii) set B of 8 × 100 m followed by set C of 8 × 50 m (B-C), (iv) set C of
8 × 50 m followed by set B of 8 × 100 m (C-B). In each session, 10 min of passive recovery
were applied between sets.

2.3. Measurements

Before and after each training set, a blood sample (90 µL) was collected in plastic
heparinized tubes (Sarstedt AG & Co., Nümbrecht, Germany) from a pre-warmed finger
and analyzed using an iSTAT biochemical analyzer (iSTAT Corporation, Princeton, NJ,
USA) for the determination of pH in the blood and the calculation of base excess (BE)
and bicarbonate (HCO3) concentration. Lactate concentration was measured before, at the
middle and at the end of each set in a fingertip capillary blood sample (Lactate Scout+,
SensLab GmbH, Leipzig, Germany). Delta values (∆) between time points of measurements
(post-set vs. pre-set) were calculated in all measured variables. The time to complete each
swimming repetition was recorded to calculate the corresponding average speed. The
fatigue index of set C was calculated: (highest speed-lowest speed) × 100/highest speed.
The rating of perceived exertion (RPE, 0–10 scale) was recorded after each repetition, while
HR was continuously monitored.

Overall session RPE (sRPE) was recorded 30 min after the completion of each session
and was used to calculate subjective training load (TL) by multiplying sRPE by the duration
of the training session in min [25]. The individualized training impulse was calculated for
each set and for the total session to estimate the training load objectively (TRIMPi) [26]. For
the entire session TRIMPi calculation, the average HR from the start of the first set until 10
min after the second training set was used, including HR in the recovery period between
the two sets. In each session, heart rate variability (HRV) was recorded before the first set
and after each set in a sitting position for 5 min using an electrocardiographic chest-strap
HR monitor (H10 sensor, Polar Electro, Kempele, Finland), paired with a freely available
smartphone application (Elite HRV, Asheville, NC, USA).

The night after each session, R–R intervals were recorded, and nocturnal HRV was
calculated by analyzing a four-hour data set, excluding the first 30 min after going to
bed [27]. The natural logarithm of root mean square successive difference (LnRMSSD) was
used to examine the effect of each set, of each session and nocturnal HRV on ANS [28]
to ensure the normality of distribution. All R–R files were exported from the Elite HRV
smartphone application and stored on a separate computer for analysis using Kubios
HRV 3.4.1 (Kuopio, Finland). Each file was corrected for ectopic beats and artifacts before
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analysis using a very strong level of artifact correction provided in Kubios HRV (R–R
intervals that are larger/smaller than 0.05 s compared to the local average).

2.4. Statistical Analysis

Statistica v.10 software (Stat-Soft Inc., Tulsa, OK, USA) was used for data analysis.
Sphericity was verified using Mauchly’s test. A two-way analysis of variance for repeated
measures was used to examine differences in speed and physiological responses. A Tukey’s
honest significant difference post hoc test was used to identify differences between means.
Differences between sessions in entire session TRIMPi, nocturnal LnRMSSD, sRPE and TL
were examined using dependent samples t-test. Cohen’s d effect size (ES) was calculated
and was categorized as small (0.20–0.49), medium (0.50–0.79), and large (>0.80) [29]. A
priori power analysis indicated a required sample size of n = 11, given error probability
(0.05), power (0.84) and a medium effect size [30]. Considering the sample size in the
present study (n = 12) and the corresponding partial eta-squared (η2 = 0.28), the calculated
power of analysis corresponded to 0.97 [30]. Significance was set at p ≤ 0.05. Data are
presented as mean ± SD.

3. Results

Mean speed in each set A, B or C was not influenced by the set sequence (p > 0.05,
Table 1). Swimming speed in set C corresponded to 90–92% of the maximum 50 m speed
instead of 95%, with no difference between sessions (p > 0.05). Furthermore, the fatigue
index calculated in set C did not differ in both applied sequences (p > 0.05). There was
no main effect between sessions in HR (p > 0.05). Heart rate in each set separately did
not differ between A-C and C-A, but it was higher in set B of C-B compared to the B-C
session (p < 0.05, Table 1). TRIMPi in set A was higher in C-A compared to the A-C session
(p < 0.05, Table 1). Entire C-A TRIMPi was higher compared to A-C session (82.5 ± 30.0 vs.
66.8 ± 36.0 a.u., ES = 0.48, p < 0.05) while there was no difference between B-C and C-B
session (B-C: 40.5 ± 17.5 vs. C-B: 46.5 ± 18.6 a.u., ES = 0.33, p > 0.05). However, TL (the
product of sRPE by time) was not different between A-C and C-A as well as between B-C
and C-B sessions (A-C: 234.4 ± 30.7, C-A: 239.9 ± 53.8 a.u., ES = 0.13, B-C: 147.1 ± 39.2,
C-B: 159.9 ± 31.1 a.u., ES = 0.27, p > 0.05).

Table 1. Swimming speed, heart rate (HR), and individualized training impulse (TRIMPi) in each set
A, B, and C were applied in four sessions of the present study (sessions A-C, C-A, B-C, C-B). Effect
size (ES) for the comparison between the same sets. *: p < 0.05 between the same training sets in each
sequence. Set A: 8 × 200 m with intensity corresponding to lactate threshold. Set B: 8 × 100 m at
maximal aerobic speed. Set C: 8 × 50 m at speed corresponding to 95% of 50 m maximum speed.

Session A-C Session C-A

set A set C set C set A ES set C ES set A

Speed (m·s−1) 1.43 ± 0.08 1.71 ± 0.08 1.72 ± 0.06 1.42 ± 0.07 0.08 0.21
HR (beats·min−1) 173 ± 12 180 ± 6 177 ± 4 177 ± 6 0.60 0.63

TRIMPi (a.u.) 63.6 ± 40.4 18.0 ± 7.7 16.4 ± 6.2 82.0 ± 45.0 * 0.23 0.43

Session B-C Session C-B

set B set C set C set B ES set C ES set B

Speed (m·s−1) 1.53 ± 0.06 1.71 ± 0.07 1.71 ± 0.06 1.53 ± 0.07 0.02 0.03
HR (beats·min−1) 173 ± 11 179 ± 7 176 ± 6 178 ± 6 * 0.52 0.61

TRIMPi (a.u.) 34.2 ± 20.8 19.1 ± 9.1 16.4 ± 5.3 39.4 ± 14.9 0.37 0.29

Blood lactate was not different between sessions and between the corresponding sets,
irrespective of the applied order in the A-C and C-A sessions (p > 0.05, Figure 1). BL was
higher in C-B compared to the B-C overall session (p < 0.05) and at middle and post set
B in C-B compared to the B-C session (p < 0.05). However, BL at set C was independent
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of the applied sequence (p > 0.05, Figure 2). ∆BL at set A and B in A-C and B-C sessions
are presented in Figures 1 and 2. ∆BL during set C was lower in B-C compared to the C-B
session (Figure 2).
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Figure 2. Blood lactate changes during B-C and C-B sessions (a) and average concentration of the
entire sessions (b). Dashed lines and triangles indicate the B-C session, and continuous lines and
circles indicate the C-B session. Open circles and triangles indicate set C, and filled circles and
triangles indicate set B. Set B: 8 × 100 m at maximal aerobic speed. Set C: 8 × 50 m at speed
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The measured pH in the A-C session was higher compared to C-A, and BE and HCO3
were lower in C-A compared to the A-C session (p < 0.05, Table 2). Nevertheless, set A
or set C separately showed similar responses independent of the sequence in which they
were applied (p > 0.05, Table 2). Regarding B-C and C-B sessions, the mean pH in the
former one remained higher compared to the latter one (p < 0.05), while BE and HCO3
were lower in the C-B compared to the B-C session (Table 3, p < 0.05). Nevertheless, set B or
set C separately showed similar responses independent of the applied sequence (Table 3,
p > 0.05). Delta values in pH, BE, and HCO3 at sets A and B in all sessions are shown in
Tables 2 and 3.

The mean RPE in each set separately did not differ depending on the applied sequence
(Tables 2 and 3, p > 0.05). However, RPE at the start of sets A and B was higher in sessions
C-A and C-B compared to the reverse sequence (Tables 2 and 3, p < 0.05). LnRMSSD after
set B in C-B session was lower compared to B-C session (p < 0.05, Table 3), while nocturnal
LnRMSSD did not differ between sessions (A-C: 3.3 ± 0.2, C-A: 3.3 ± 0.2 ms, ES = 0.16,
p > 0.05, B-C: 3.3 ± 0.1, C-B: 3.2 ± 0.1 ms, ES = 0.59, p > 0.05).
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Table 2. Blood pH, base excess (BE) and bicarbonate (HCO3), the natural logarithm of root mean square successive difference (LnRMSSD) and rate of perceived
exertion (RPE) in sets A and C within the two experimental sessions of the study (sessions A-C, C-A). Effect size (ES) between sessions. *: p < 0.05 between the same
training set in each session. #: p < 0.05 between sessions. Set A: 8 × 200 m with intensity corresponding to lactate threshold. Set C: 8 × 50 m at speed corresponding
to 95% of 50 m maximum speed. ∆set A: change from pre- to post-set A, ∆set C: change from pre- to post-set C.

Session A-C Session C-A

Pre-Set A Post-Set A ∆set A Pre-Set C Post-Set C ∆set C
Overall
Session

Pre-Set C Post-Set C ∆set C Pre-Set A Post-Set A ∆set A
Overall
Session

ES

pH
7.42

± 0.02
7.37

± 0.05
−0.05
± 0.05

7.38
± 0.04

7.23
± 0.05

−0.15
± 0.07

7.35
± 0.08

7.42
± 0.01

7.20
± 0.05

−0.22
± 0.05

7.25
± 0.07

7.36
± 0.03

0.11
± 0.08 *

7.31
± 0.10 # 0.45

BE
(mmol·L−1)

1.8
± 2.0

−4.4
± 4.7

−6.3
± 4.0

−3.2
± 3.9

−14.6
± 3.7

−11.4
± 5.2

−5.1
± 7.0

0.9
± 1.4

−15.6
± 2.5

−16.5
± 2.3 *

−13.3
± 3.9

−5.7
± 2.3

7.6
± 4.0 *

−8.4
± 7.1 # 0.47

HCO3

(mmol·L−1)
26.1
± 1.8

21.0
± 3.9

−5.1
± 3.2

22.2
± 3.3

12.9
± 2.7

−9.3
± 4.0

20.5
± 5.7

25.3
± 1.3

12.5
± 1.8

−12.8
± 1.7*

13.9
± 2.7

19.8
± 1.9

5.9
± 2.8 *

17.9
± 5.5 # 0.48

Ln
RMSSD (ms)

2.7
± 0.3

2.0
± 0.4

- -
1.9

± 0.4
-

2.2
± 0.5

2.7
± 0.2

1.7
± 0.4

- -
1.8

± 0.4
-

2.1
± 0.6

0.24

RPE (a.u.)
1.8

± 1.7
6.1

± 2.2
4.3

± 1.7
4.5

± 2.6
9.2

± 1.1
4.7

± 2.8
7.9

± 0.9
2.5

± 2.2*
8.8

± 1.5
6.9

± 2.0
4.4

± 2.3 *
7.0

± 2.6
2.7

± 2.7
8.1

± 1.9
0.12

Table 3. Blood pH, base excess (BE) and bicarbonate (HCO3), the natural logarithm of root mean square successive difference (LnRMSSD) and rate of perceived
exertion (RPE) in sets B and C within the two experimental sessions of the study (sessions B-C, C-B). Effect size (ES) between sessions. *: p < 0.05 between the
same training set in each session. #: p < 0.05 between sessions. Set B: 8 × 100 m at maximal aerobic speed. Set C: 8 × 50 m at speed corresponding to 95% of 50 m
maximum speed. ∆set B: change from pre- to post-set B, ∆set C: change from pre- to post-set C.

Session B-C Session C-B

Pre-Set B Post-Set B ∆set B Pre-Set C Post-Set C ∆set C
Overall
Session

Pre-Set C Post-Set C ∆set C Pre-Set B Post-Set B ∆set B
Overall
Session

ES

pH
7.40

± 0.04
7.34

± 0.05
−0.06
± 0.07

7.36
± 0.04

7.24
± 0.05

−0.12
± 0.06

7.34
± 0.07

7.41
± 0.02

7.22
± 0.04

−0.19
± 0.04 *

7.26
± 0.04

7.32
± 0.04

0.06
± 0.06 *

7.30
± 0.08 # 0.43

BE
(mmol·L−1)

0.3
± 1.2

−7.2
± 4.0

−7.5
± 3.9

−5.1
± 3.0

−14.3
± 2.8

−9.3
± 3.7

−6.6
± 6.0

0.5
± 1.9

−14.9
± 2.0

−15.4
± 2.6 *

−12.9
± 2.5

−9.4
± 2.7

3.5
± 3.4 *

−9.2
± 6.4 # 0.42

HCO3

(mmol·L−1)
25.1
± 0.8

18.6
± 3.3

−6.5
± 3.2

20.3
± 2.5

13.1
± 2.1

−7.2
± 2.9

19.3
± 4.9

25.1
± 1.7

12.8
± 1.4

−12.3
± 2.1 *

14.2
± 2.0

16.7
± 2.1

2.5
± 2.6 *

17.2
± 5.1 # 0.41

Ln
RMSSD (ms)

2.9
± 0.3

2.1
± 0.4

- -
1.9

± 0.3
-

2.3
± 0.5

2.7
± 0.2

1.7
± 0.4

- -
1.8

± 0.4 *
-

2.0
± 0.6

0.50

RPE (a.u.)
2.4

± 2.2
7.5

± 2.2
5.0

± 2.7
4.6

± 1.6
9.4

± 0.8
4.8

± 1.9
7.5

± 2.0
3.1

± 2.4 *
8.9

± 1.4
5.8

± 2.6
5.1

± 1.9 *
8.3

± 1.6
3.3

± 1.4
7.9

± 1.1
0.30
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4. Discussion

The aim of the study was to investigate the effect of different sequences of training
sets at LT (8 × 200 m), MAS (8 × 100 m) and sprint interval set of 8 × 50 m during a
training session on performance and physiological responses. The present findings indicate
that (i) performance in all sets, as evidenced by the ability to maintain the required speed,
was not affected by the applied sets sequence, (ii) the metabolic response to an aerobic-
dominated training set conducted in MAS was higher when applied after the 8 × 50 m
set, (iii) acid-base balance in each set separately was not affected by the sets sequence.
Interestingly, the metabolic acidosis of the entire training session was overall higher when
the 8 × 50 m set was applied before the 8 × 200 and 8 × 100 m sets A and B, respectively,
compared to the reverse order.

The observed results of BL following set C of 8 × 50 m are not in line with previous
studies reporting lower values, which is probably attributed to age and level variation
of swimmers (~14 mmol·L−1 vs. 10–11 mmol·L−1) [6]. Concerning BL's effects on per-
formance, there is evidence suggesting that increased BL following set C is not related to
fatigue during repeated sprints [31,32]. However, hydrogen ions produced in glycolysis
may act to impair muscle function and, thus, performance [33]. The latter was not observed
in sets A and B following set C as swimmers in the current and in a previous study [14]
managed to maintain the required speed during sets applied in moderate (LT—set A) and
severe (MAS—set B) swimming intensity domain.

Interestingly, swimmers performed set B of 8 × 100 m in the C-B session with higher
lactate as opposed to the session started with the aerobic-dominated set at MAS (set
B). Underlying mechanisms explaining the ability to maintain the pre-defined intensity
of the aerobic-dominated training sets following repeated sprints are the faster oxygen
uptake kinetics and the lower oxygen deficit, especially during the initial phase of each
repetition [34]. The possible reduction of dependence on anaerobic metabolism may also be
indicated by the reduced changes in BL at C-A and C-B sessions compared to the reverse
order [19]. The negative and zero values of ∆BL during sets A and B, when applied after the
8 × 50 m set C, may reflect a lower activation of glycolysis accompanied by higher activation
of oxidative metabolism compared to reverse order sessions. The present data suggest that
lactate was removed during set A, reflecting the lower glycolytic contribution to energy
demand when training at intensities lower than MAS [35]. Moreover, the lower ∆BL in set
C during the B-C session may also reflect a lower glycolytic contribution compared to the
reverse order, which may be attributed to the already high BL caused by the implementation
of the preceded set B. On the other hand, set B requires higher activation of glycolysis
compared to set A [35]; thus, maintenance of BL at higher values seems reasonable in the
C-B session.

The maintenance of lactate concentration during the following set B resulted in an
overall higher mean BL of the C-B session compared to the reverse order. The longer the
time spent with high BL, the greater the impact on biochemical indices. Indeed, indices
that are involved in acid-base balance (pH, BE and HCO3) declined after set C, reaching
values similar to previous reports (pH of ~7.2) [36] and remained low until swimmers
started to perform the second set A or B. When aerobic-dominated sets are performed at
the start of the session, the metabolic perturbation is lower than that caused by set C, and a
significant reduction in metabolite concentration takes place after the 10 min resting interval
period. In such sessions (A-C and B-C), a high metabolic disturbance occurs at the last
part of the session, resulting in a lower overall physiological impact compared to reverse
order. Whatever the case, the acid-base balance response in each set was independent
of the applied set sequence. The modest reduction in pH caused by the preceding set B
of 8 × 100 m did not alter the ability of swimmers to maintain the required speed in the
subsequent set C of 8 × 50 m. In a previous study, we observed maintained performance at
95–97% of 50 m maximum in a 4 × 50 m training set, however, with a long 2 min resting
interval [14]. Surprisingly, despite the short resting interval of 30 s and the extended
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number of repetitions in the current study, forcing swimmers to be exposed to low pH for
a longer period, they were able to maintain speed at 90–92% of their 50 m maximum. It
is likely that in this group of well-trained swimmers, the 10 min period of passive resting
interval applied after set B was adequate to preserve performance in the latter set [31].

Concerning the cardiac responses and given that HR may express the energy cost
during submaximal exercise [37], it seems that when set C is performed first, the energy
demand was increased in the subsequent set B. Despite the fact that HR is a less valid
indicator of internal load in short-duration efforts, TRIMPi can be used to monitor this
parameter [38,39]. Set A, when applied after sprint intervals of 8 × 50 m of set C, induced a
higher internal load compared to the reverse order. In C-A session, the preceded sprints
may act as a priming training set [12], leading to enhancement of the already activated
metabolism at the start of the following set A. In that case, HR may respond faster at the
initial repetitions, reaching average values more quickly compared to the A-C session.
Despite the higher TRIMPi in set A during the C-A session, swimmers did not show higher
perceived effort to maintain the required speed in each set, as the RPE in each set did not
differ between sessions. Despite the fact that subjective tools (e.g., RPE) are convenient and
valid for monitoring training load, sRPE can usually be misused by athletes mainly because
of limited familiarization of the latter with such a tool [39]. In that case, an objective form
of monitoring (e.g., TRIMP) may be more appropriate. The entire C-A session TRIMPi was
higher compared to the reverse order. The latter may be attributed to the relatively higher
cardiac response (HR) during set A in the C-A session, as evidenced by the corresponding
medium effect size between sessions. The different effect on the induced TRIMPi, but
not sRPE, as a result of the sets’ applied sequence, highlights a novel observation of the
current study. Coaches should take into account this new information as the systematic
implementation of training sessions that cause high internal load may affect long-term
performance [40].

The effect of the MAS training set on ANS seems to be dependent on the applied set
sequence when combined with sprint intervals. Specifically, a parasympathetic withdrawal
was observed after the first training set as expected, but the ANS disturbance in set B
was higher when the 8 × 50 m set C preceded. This is a novel finding not observed in a
previous study in which the anaerobic-dominated training set was conducted with a 1:4
work:rest ratio, inducing higher metabolic acidosis [14]. In fact, the magnitude of metabolic
acidosis may not be the single critical factor for ANS response, but the duration of recovery
periods between repetitions may also be another issue leading to high parasympathetic
withdrawal [18]. These may explain parasympathetic withdrawal maintenance during
the subsequent set conducted in MAS. Moreover, the metabolic acidosis caused by set C
was maintained during the following set B (as evidenced in the present study) while was
attenuated during the same training set of 8 × 100 m conducted in MAS in a previous
study [14]. Thus, the resting interval and set duration may lead to the maintenance of
ANS disturbance at higher levels compared to the session which started with a lower-
intensity training set (MAS - 8 × 100 m). The overall potential perturbation of cardiac
parasympathetic activity after each session was recorded using HRV data during night sleep
after each training session. Considering the limitation arising from the fact that baseline
HRV was not recorded the night before each session, a parasympathetic reactivation
occurred after each session, which reflects wellness and readiness to perform [28], and the
magnitude of parasympathetic reactivation was similar between sessions independent on
the applied sequence. Nevertheless, the LnRMSSD selection as an index of HRV and the
very strong filter used for the analysis may be considered limitations of the present study.

5. Conclusions

The applied sequence of training sets does not induce any negative impact on set
performance time in highly trained swimmers. Training sessions including sprint intervals
of 8 × 50 m as a first set, increase the magnitude of metabolic, cardiac and ANS disturbance
of subsequent aerobic-dominated training set B performed at MAS but not at LT. In contrast,
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the physiological responses to sprint intervals are unaltered by set sequence. The overall
session biochemical disturbance, caused when sprint intervals are applied before an aerobic-
dominated training set, may induce a higher internal training load in swimmers, and this
is one of the novel findings in the current study.

Author Contributions: Conceptualization, A.G.T. and I.S.N.; Methodology, A.G.T. and I.S.N.; Soft-
ware, I.S.N.; Validation, A.G.T., G.C.B. and G.P.P.; Formal analysis, G.P.P.; Investigation, I.S.N.;
Resources, A.G.T.; Data curation, I.S.N.; Writing—original draft preparation, I.S.N.; Writing—review
and editing, A.G.T.; Visualization, I.S.N., G.C.B. and G.P.P.; Supervision, A.G.T.; Project administra-
tion, A.G.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the School of Physical Education and Sports
Science (1351/03-03-2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and ethical reasons.

Acknowledgments: The authors would like to thank the swimmers who participated in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Laursen, P.B. Training for Intense Exercise Performance: High-Intensity or High-Volume Training? Scand. J. Med. Sci. Sports 2010,

20, 1–10. [CrossRef] [PubMed]
2. Hermosilla, F.; González-Rave, J.M.; Del Castillo, J.A.; Pyne, D.B. Periodization and Programming for Individual 400 m Medley

Swimmers. Int. J. Environ. Res. Public Health 2021, 18, 6474. [CrossRef] [PubMed]
3. Skorski, S.; Faude, O.; Urhausen, A.; Kindermann, W.; Meyer, T. Intensity Control in Swim Training by Means of the Individual

Anaerobic Threshold. J. Strength Cond. Res. 2012, 26, 3304–3311. [CrossRef] [PubMed]
4. Dekerle, J.; Brickley, G.; Alberty, M.; Pelayo, P. Characterising the Slope of the Distance-Time Relationship in Swimming. J. Sci.

Med. Sport 2010, 13, 365–370. [CrossRef] [PubMed]
5. Dekerle, J.; Pelayo, P.; Clipet, B.; Depretz, S.; Lefevre, T.; Sidney, M. Critical Swimming Speed Does Not Represent the Speed at

Maximal Lactate Steady State. Int. J. Sports Med. 2005, 26, 524–530. [CrossRef] [PubMed]
6. Kabasakalis, A.; Nikolaidis, S.; Tsalis, G.; Mougios, V. Low-Volume Sprint Interval Swimming Is Sufficient to Increase Blood

Metabolic Biomarkers in Master Swimmers. Res. Q. Exerc. Sport 2020, 93, 318–324. [CrossRef]
7. Kabasakalis, A.; Nikolaidis, S.; Tsalis, G.; Mougios, V. Response of Blood Biomarkers to Sprint Interval Swimming. Int. J. Sports

Physiol. Perform. 2020, 15, 1442–1447. [CrossRef]
8. Toubekis, A.; Adam, G.; Douda, H.; Antoniou, P.; Douroundos, I.; Tokmakidis, S. Repeated Sprint Swimming Performance after

Low- or High-Intensity Active and Passive Recoveries. J. Strength Cond. Res. 2011, 25, 109–116. [CrossRef]
9. Greenwood, J.D.; Moses, G.E.; Bernardino, F.M.; Gaesser, G.A.; Weltman, A. Intensity of Exercise Recovery, Blood Lactate

Disappearance, and Subsequent Swimming Performance. J. Sports Sci. 2008, 26, 29–34. [CrossRef]
10. Parolin, M.L.; Chesley, A.; Matsos, M.P.; Spriet, L.L.; Jones, N.L.; Heigenhauser, G.J.F. Regulation of Skeletal Muscle Glycogen

Phosphorylase and PDH during Maximal Intermittent Exercise. Am. J. Physiol. 1999, 277, E890–E900. [CrossRef]
11. Ktenidis, C.K.; Margaritelis, N.V.; Cherouveim, E.D.; Stergiopoulos, D.C.; Malliou, V.J.; Geladas, N.D.; Nikolaidis, M.G.; Paschalis,

V. Priming Exercise Increases Wingate Cycling Peak Power Output. Eur. J. Sport Sci. 2021, 21, 705–713. [CrossRef] [PubMed]
12. Jones, A.; Koppo, K.; Burnley, M. Effects of Prior Exercise on Metabolic and Gas Exchange Responses to Exercise. Sport. Med.

2003, 33, 949–971. [CrossRef]
13. Vigh-Larsen, J.F.; Ørtenblad, N.; Spriet, L.L.; Overgaard, K.; Mohr, M. Muscle Glycogen Metabolism and High-Intensity Exercise

Performance: A Narrative Review. Sport. Med. 2021, 51, 1855–1874. [CrossRef] [PubMed]
14. Nikitakis, I.S.; Bogdanis, G.C.; Paradisis, G.P.; Toubekis, A.G. Physiological Responses and Swimming-Performance Changes

Induced by Altering the Sequence of Training Sets. Int. J. Sports Physiol. Perform. 2023, 1, 1–9. [CrossRef] [PubMed]
15. Buchheit, M.; Laursen, P.B. High-Intensity Interval Training, Solutions to the Programming Puzzle: Part II: Anaerobic Energy,

Neuromuscular Load and Practical Applications. Sport. Med. 2013, 43, 927–954. [CrossRef] [PubMed]
16. Kabasakalis, A.; Tsalis, G.; Zafrana, E.; Loupos, D.; Mougios, V. Effects of Endurance and High-Intensity Swimming Exercise on

the Redox Status of Adolescent Male and Female Swimmers. J. Sports Sci. 2014, 32, 747–756. [CrossRef] [PubMed]
17. Peyrebrune, M.C.; Nevill, M.E.; Donaldson, F.J.; Cosford, D.J. The Effects of Oral Creatine Supplementation on Performance in

Single and Repeated Sprint Swimming. J. Sports Sci. 1998, 16, 271–279. [CrossRef]

https://doi.org/10.1111/j.1600-0838.2010.01184.x
https://www.ncbi.nlm.nih.gov/pubmed/20840557
https://doi.org/10.3390/ijerph18126474
https://www.ncbi.nlm.nih.gov/pubmed/34203853
https://doi.org/10.1519/JSC.0b013e31824b6014
https://www.ncbi.nlm.nih.gov/pubmed/22293679
https://doi.org/10.1016/j.jsams.2009.05.007
https://www.ncbi.nlm.nih.gov/pubmed/19577514
https://doi.org/10.1055/s-2004-821227
https://www.ncbi.nlm.nih.gov/pubmed/16195984
https://doi.org/10.1080/02701367.2020.1832183
https://doi.org/10.1123/ijspp.2019-0747
https://doi.org/10.1519/JSC.0b013e3181b22a9a
https://doi.org/10.1080/02640410701287263
https://doi.org/10.1152/ajpendo.1999.277.5.E890
https://doi.org/10.1080/17461391.2020.1765026
https://www.ncbi.nlm.nih.gov/pubmed/32449458
https://doi.org/10.2165/00007256-200333130-00002
https://doi.org/10.1007/s40279-021-01475-0
https://www.ncbi.nlm.nih.gov/pubmed/33900579
https://doi.org/10.1123/ijspp.2023-0082
https://www.ncbi.nlm.nih.gov/pubmed/37890838
https://doi.org/10.1007/s40279-013-0066-5
https://www.ncbi.nlm.nih.gov/pubmed/23832851
https://doi.org/10.1080/02640414.2013.850595
https://www.ncbi.nlm.nih.gov/pubmed/24404835
https://doi.org/10.1080/026404198366803


Sports 2023, 11, 240 11 of 11

18. Lloria-Varella, J.; Koral, J.; Ravel, A.; Féasson, L.; Murias, J.M.; Busso, T. Neuromuscular and Autonomic Function Is Fully
Recovered within 24 h Following a Sprint Interval Training Session. Eur. J. Appl. Physiol. 2023, 123, 2317–2329. [CrossRef]

19. Brooks, G.A. The Science and Translation of Lactate Shuttle Theory. Cell Metab. 2018, 27, 757–785. [CrossRef]
20. Bangsbo, J. Performance in Sports-With Specific Emphasis on the Effect of Intensified Training. Scand. J. Med. Sci. Sports 2015, 25,

88–99. [CrossRef]
21. McKay, A.K.A.; Stellingwerff, T.; Smith, E.S.; Martin, D.T.; Mujika, I.; Goosey-Tolfrey, V.L.; Sheppard, J.; Burke, L.M. Defining

Training and Performance Caliber: A Participant Classification Framework. Int. J. Sports Physiol. Perform. 2022, 17, 317–331.
[CrossRef] [PubMed]

22. Zacca, R.; Azevedo, R.; Peterson Silveira, R.; Vilas-Boas, J.; Pyne, D.; Castro, F.; Fernandes, R. Comparison of Incremental
Intermittent and Time Trial Testing in Age-Group Swimmers. J. Strength Cond. Res. 2019, 33, 801–810. [CrossRef] [PubMed]

23. Nikitakis, I.S.; Toubekis, A.G. Lactate Threshold Evaluation in Swimmers: The Importance of Age and Method. Int. J. Sports Med.
2021, 42, 818–824. [CrossRef] [PubMed]

24. Libicz, S.; Roels, B.; Millet, G.P. VO2 Responses to Intermittent Swimming Sets at Velocity Associated with VO2max. Can J. Appl.
Physiol. 2005, 30, 543–553. [CrossRef] [PubMed]

25. Barroso, R.; Salgueiro, D.F.; do Carmo, E.C.; Nakamura, F.Y. The Effects of Training Volume and Repetition Distance on Session
Rating of Perceived Exertion and Internal Load in Swimmers. Int. J. Sports Physiol. Perform. 2015, 10, 848–852. [CrossRef]
[PubMed]

26. Manzi, V.; Iellamo, F.; Impellizzeri, F.; D’ottavio, S.; Castagna, C. Relation between Individualized Training Impulses and
Performance in Distance Runners. Med. Sci. Sport. Exerc. 2009, 41, 2090–2096. [CrossRef]

27. Hynynen, E.; Vesterinen, V.; Rusko, H.; Nummela, A. Effects of Moderate and Heavy Endurance Exercise on Nocturnal HRV. Int.
J. Sports Med. 2010, 31, 428–432. [CrossRef]

28. Buchheit, M. Monitoring Training Status with HR Measures: Do All Roads Lead to Rome? Front. Physiol. 2014, 5, 73. [CrossRef]
29. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Mahwah, N., Ed.; Lawrence Erlbaum Associates: New York,

NY, USA, 1988; ISBN 0805802835.
30. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A Flexible Statistical Power Analysis Program for the Social, Behavioral,

and Biomedical Sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]
31. Toubekis, A.; Douda, H.; Tokmakidis, S. Influence of Different Rest Intervals during Active or Passive Recovery on Repeated

Sprint Swimming Performance. Eur. J. Appl. Physiol. 2005, 93, 694–700. [CrossRef]
32. Toubekis, A.; Smilios, I.; Bogdanis, G.; Mavridis, G.; Tokmakidis, S. Effect of Different Intensities of Active Recovery on Sprint

Swimming Performance. Appl. Physiol. Nutr. Metab. 2006, 31, 709–716. [CrossRef] [PubMed]
33. Toubekis, A.; Peyrebrune, M.; Lakomy, H.; Nevill, M. Effects of Active and Passive Recovery on Performance during Repeated-

Sprint Swimming. J. Sports Sci. 2008, 26, 1497–1505. [CrossRef] [PubMed]
34. Goulding, R.P.; Burnley, M.; Wüst, R.C.I. How Priming Exercise Affects Oxygen Uptake Kinetics: From Underpinning Mechanisms

to Endurance Performance. Sport. Med. 2023, 53, 959–976. [CrossRef] [PubMed]
35. Sousa, A.; Vilas-Boas, J.P.; Fernandes, R.J. VO2 Kinetics and Metabolic Contributions Whilst Swimming at 95, 100, and 105% of

the Velocity at VO2max. Biomed Res. Int. 2014, 2014, 675363. [CrossRef]
36. Peyrebrune, M.; Toubekis, A.; Lakomy, H.; Nevill, M. Estimating the Energy Contribution during Single and Repeated Sprint

Swimming. Scand. J. Med. Sci. Sports 2014, 24, 369–376. [CrossRef] [PubMed]
37. Ceesay, S.M.; Prentice, A.M.; Day, K.C.; Murgatroyd, P.R.; Goldberg, G.R.; Scott, W.; Spurr, G.B. The Use of Heart Rate Monitoring

in the Estimation of Energy Expenditure: A Validation Study Using Indirect Whole-Body Calorimetry. Br. J. Nutr. 1989, 61,
175–186. [CrossRef] [PubMed]

38. Impellizzeri, F.M.; Marcora, S.M.; Coutts, A.J. Internal and External Training Load: 15 Years On. Int. J. Sports Physiol. Perform.
2019, 14, 270–273. [CrossRef]

39. Bourdon, P.C.; Cardinale, M.; Murray, A.; Gastin, P.; Kellmann, M.; Varley, M.C.; Gabbett, T.J.; Coutts, A.J.; Burgess, D.J.; Gregson,
W.; et al. Monitoring Athlete Training Loads: Consensus Statement. Int. J. Sports Physiol. Perform. 2017, 12, S2-161–S2-170.
[CrossRef]

40. Mujika, I.; Halson, S.; Burke, L.M.; Balagué, G.; Farrow, D. An Integrated, Multifactorial Approach to Periodization for Optimal
Performance in Individual and Team Sports. Int. J. Sports Physiol. Perform. 2018, 13, 538–561. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00421-023-05249-6
https://doi.org/10.1016/j.cmet.2018.03.008
https://doi.org/10.1111/sms.12605
https://doi.org/10.1123/ijspp.2021-0451
https://www.ncbi.nlm.nih.gov/pubmed/34965513
https://doi.org/10.1519/JSC.0000000000002087
https://www.ncbi.nlm.nih.gov/pubmed/28658078
https://doi.org/10.1055/a-1342-7446
https://www.ncbi.nlm.nih.gov/pubmed/33506445
https://doi.org/10.1139/h05-140
https://www.ncbi.nlm.nih.gov/pubmed/16293903
https://doi.org/10.1123/ijspp.2014-0410
https://www.ncbi.nlm.nih.gov/pubmed/25671844
https://doi.org/10.1249/MSS.0b013e3181a6a959
https://doi.org/10.1055/s-0030-1249625
https://doi.org/10.3389/fphys.2014.00073
https://doi.org/10.3758/BF03193146
https://doi.org/10.1007/s00421-004-1244-9
https://doi.org/10.1139/h06-075
https://www.ncbi.nlm.nih.gov/pubmed/17213885
https://doi.org/10.1080/02640410802287055
https://www.ncbi.nlm.nih.gov/pubmed/18979341
https://doi.org/10.1007/s40279-023-01832-1
https://www.ncbi.nlm.nih.gov/pubmed/37010782
https://doi.org/10.1155/2014/675363
https://doi.org/10.1111/j.1600-0838.2012.01517.x
https://www.ncbi.nlm.nih.gov/pubmed/22897515
https://doi.org/10.1079/BJN19890107
https://www.ncbi.nlm.nih.gov/pubmed/2706223
https://doi.org/10.1123/ijspp.2018-0935
https://doi.org/10.1123/IJSPP.2017-0208
https://doi.org/10.1123/ijspp.2018-0093

	Introduction 
	Materials and Methods 
	Preliminary Tests 
	Main Tests 
	Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

