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Abstract

Background Interval training has become an essential component of endurance training programs because it can facilitate a
substantial improvement in endurance sport performance. Two forms of interval training that are commonly used to improve
endurance sport performance are high-intensity interval training (HIIT) and sprint interval training (SIT). Despite extensive
research, there is no consensus concerning the optimal method to manipulate the interval training programming variables
to maximize endurance performance for differing individuals.

Objective The objective of this manuscript was to perform a systematic review and meta-analysis of interval training studies
to determine the influence that individual characteristics and training variables have on time-trial (TT) performance.

Data Sources SPORTDiscus and Medline with Full Text were explored to conduct a systematic literature search.

Study Selection The following criteria were used to select studies appropriate for the review: 1. the studies were prospective
in nature; 2. included individuals between the ages of 18 and 65 years; 3. included an interval training (HIIT or SIT) program
at least 2 weeks in duration; 4. included a TT test that required participants to complete a set distance; 5. and programmed
HIIT by power or velocity.

Results Twenty-nine studies met the inclusion criteria for the quantitative analysis with a total of 67 separate groups. The
participants included males (n =400) and females (n=91) with a mean group age of 25 (range 19-45) years and mean VO,
of 52 (range 32—-70) mL-kg~'-min~". The training status of the participants comprised of inactive (n=75), active (n = 146)
and trained (n =258) individuals. Training status played a significant role in improvements in TT performance with trained
individuals only seeing improvements of approximately 2% whereas individuals of lower training status demonstrated
improvements as high as 6%. The change in TT performance with HIIT depended on the duration but not the intensity of
the interval work-bout. There was a dose—response relationship with the number of HIIT sessions, training weeks and total
work with changes in TT performance. However, the dose-response was not present with SIT.

Conclusion Optimization of interval training programs to produce TT performance improvements should be done according
to training status. Our analysis suggests that increasing interval training dose beyond minimal requirements may not augment
the training response. In addition, optimal dosing differs between high intensity and sprint interval programs.

1 Introduction

Interval training has become an essential component of
endurance training programs because it can facilitate
improvements in cardiovascular fitness and endurance sport
performance [1-3]. Interval training consists of repeated
bouts of high-intensity work, lasting from seconds to min-
utes, followed by periods of either active or passive recov-
ery. The work is divided into a set of work/rest repetitions
because exercise intensities within the severe or extreme

< Michael A. Rosenblat
michael @evidencebasedcoaching.ca

Extended author information available on the last page of the article

domains can only be sustained for short periods of time
[4]. With repeated interval bouts, a greater total time can be
accumulated at an appropriately high intensity as compared
to exercise performed continuously [5].

High-intensity interval training (HIIT) and sprint interval
training (SIT) are often used to improve endurance sport
performance. HIIT is performed at a power output or veloc-
ity within the severe-intensity domain [6]. There are dif-
ferent measures employed to determine the lower limit of
the severe-intensity domain, such as critical power (CP),
maximal lactate steady state (MLSS) and the second venti-
latory threshold (VT,) [7, 8]. The upper limit of the severe
domain, maximal aerobic power (MAP) or maximal aerobic
velocity (MAV), can be described as the highest power that


http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-021-01457-2&domain=pdf

1688

M. A. Rosenblat et al.

An individual’s training status (inactive, active, trained)
is the primary baseline characteristic that can influence
subsequent changes in time-trial performance.

HIIT programs should consist of 5 repetitions of 5-min
work-bouts at any intensity within the severe domain,
with a 2.5-min recovery period (active or passive)
between work-bouts, performed twice a week for at least
4 weeks, to optimize time-trial performance in trained
individuals.

SIT programs should consist of 4 repetitions of 30-s
work-bouts performed at maximal effort, with 4 min of
passive recovery, twice a week for 2 weeks, to optimize
time-trial performance in trained individuals.

can allow for the attainment of a maximal oxygen consump-
tion (VO,,,,,) [9]. In contrast to HIIT, SIT is performed in
the extreme intensity domain which is at power outputs or
velocities above those associated with MAP or MAV [10].

Exercise session-specific variables that make up an inter-
val program include exercise mode; work-bout duration
and intensity; recovery-bout mode (active vs passive) and
duration; and the number of interval repetitions [11-13].
Moreover, there are components that make up the training
program, such as session frequency, intensity distribution,
and the inclusion of other forms of exercise referred to as
cross-training. The combination of these variables can also
influence the training response [14]. In addition to program-
ming variables, there are other elements that can influence
changes in performance. Of particular note are population
characteristics, such as age, sex, baseline VO,,,, and train-
ing status [11]. Extensive research has been dedicated to
examining the effect of manipulating modifiable program
characteristics on various measures of endurance sport
performance [3, 11, 12, 15, 16]. Some of the more nota-
ble measures that have been examined are VO,,,,., time-to-
exhaustion (TTE) tests, and time-trial (TT) tests.

VO,,..x 18 highly correlated with race performance [17]
but has limitations because it does not account for addi-
tional physiological differences [18, 19]. The reliability of
TTE tests has been shown to be lower than TT tests [20]. In
addition, since TTE tests are open-looped tests (test termi-
nation is determined by the individual), they might fail to
provide a realistic indicator of athletic performance [21].
It has been established that TT tests are highly correlated
with race performance and can simulate the physiological
responses that occur during competition [22, 23]. The most
common type of TT test is one that requires an individual
to complete a set distance (e.g. 40-km) in the fastest time

possible. Time-based TT tests, where an athlete attempts to
travel the furthest distance, or maintain the highest average
power or velocity within a set duration, are also common.
Since TT tests based on a set distance most closely represent
a true race environment, they may be the most appropriate
for endurance performance assessment.

Previous reviews provide a comprehensive explanation of
the acute and chronic responses that occur from manipulat-
ing interval training parameters [11, 12, 24, 25]. However,
these reviews do not include meta-regression analyses which
would provide a single effect from pooling the results of
the individual studies. As a result of this deficiency, there
remains a lack of consensus concerning the optimal method
for structuring an interval training program for individuals
who differ in age, sex and training status. The objective of
this manuscript is to perform a systematic review and meta-
analysis of interval training studies to determine the influ-
ence that individual characteristics and training variables
have on TT performance.

2 Methods

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) was used as the protocol for the
design of the review [26].

2.1 Eligibility Criteria
2.1.1 Inclusion Criteria

The following criteria were used to select studies appropriate
for the review: 1. the studies were prospective in nature; 2.
included individuals between the ages of 18 and 65 years;
3. included an interval training (HIIT or SIT) program at
least 2 weeks in duration; 4. included a TT test that required
participants to complete a set distance; 5. and programmed
HIIT by power or velocity.

2.1.2 Exclusion Criteria

Studies were excluded if participants were postmenopausal,
overweight or had pathology, or if the training program or
outcome was inappropriate for this analysis for the following
reasons: 1. training program not clearly defined; 2. training
program was less than 2 weeks in duration; 3. included HIIT
and SIT in the same program; 4. training mode differed from
TT mode; 5. included additional exercise that was not quan-
tified; 6. contained nutritional interventions (supplements,
hydration, fed state, etc.); 7. were subject to changes in envi-
ronmental conditions (heat/cold, altitude, hypoxia/hyperoxia
etc.); 8. identified the inclusion of modalities (cryotherapy,
compression garments, etc.); 9. included pharmacological
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agents; 10. TT not based on distance; 11. TT intensity not
self-selected.

2.2 Information Sources

An electronic search was conducted that included all publi-
cation years (i.e. from inception to June 13, 2020). Medline
with Full Text and SPORTDiscus were the two databases
used to conduct a systematic literature search.

2.3 Search
2.3.1 Search String

Titles and abstracts were searched using the search string
from the meta-analysis by Rosenblat et al. since that string
provided an exhaustive set of results [3]. The search terms
resulted from a review of previous literature as well as the
use of common synonyms for interval training. The search
string was as follows: “(interval training OR interval exer-
cise OR anaerobic interval* OR aerobic interval* OR high-
intensity interval®* OR sprint interval* OR intermittent exer-
cise OR intermittent training OR repeated sprint)”.

2.3.2 Search Limits

To provide a more specific search, the following limits were
selected: 1. English language, 2. humans, 3. journal article.

2.4 Study Selection

The lead author removed duplicates and screened the titles
and abstracts of the search results. The full-text studies were
retrieved if the titles and abstracts met the eligibility criteria
or if there was some degree of uncertainty as to whether
this was the case. Two authors independently reviewed the
full-text articles for eligibility. Any disagreements as to eli-
gibility were resolved through a discussion between the two
authors. A third author was to be consulted if the first two
authors could not reach agreement. The rationale for exclud-
ing articles was documented.

2.5 Data Collection Process

The Cochrane Data Extraction and Assessment Form was
used as a template to create a data collection form. Two
authors independently extracted the data from each of
the studies. The two authors then compared their findings
to check for errors. Inconsistencies were discussed and
addressed by the two authors. A third author was consulted
if the first two authors were unable to reach agreement.

2.6 Dataltems

Information about the study methodology, participant
characteristics, training characteristics and outcomes was
extracted from each of the study articles included in the
review. The specific variables were: participant characteris-
tics (training status, sport specificity, sex, age, height, mass,
VOsmax, Wpear)s Whpeax test description (initial power/speed,
stage duration, increment power/speed, number of stages);
intervention description (exercise mode, interval type, train-
ing program duration, interval sessions per week, interval
repetitions, interval work-bout duration, interval work-bout
intensity, interval recovery mode, interval recovery dura-
tion, progressive overload performed, strength training
performed; and outcome description (TT mode, distance,
indoor/outdoor setting, equipment used, familiarization pro-
tocol, baseline completion time, follow-up completion time,
delta time). Training status was categorized into inactive
(not engaged in deliberate physical activity), active (par-
ticipate in a non-structured exercise program) and trained
(structured training program). The term VO, was used to
represent baseline measures of maximal and peak oxygen
consumption obtained from an incremental exercise test.

The authors of the included studies were contacted for
relevant data that were not presented in their publications
(e.g. pre-, post-test and delta values).

2.7 Risk of Bias of Individual Studies

Two reviewers used the Cochrane Collaboration Tool to
assess the quality of the studies included in the review. The
tool can be used to determine the level of bias in interven-
tion studies [27]. The specific methodological components
assessed include: 1. random sequence generation, 2. alloca-
tion concealment, 3. blinding of participants and researchers,
4. blind of outcome assessment, 5. incomplete data outcome,
6. selective reporting.

2.8 Summary of Measures

The primary outcome assessed in this review was the per-
centage change in TT performance from baseline. The
moderators included the following: baseline characteris-
tic (sex, age, training status, baseline VO,,,,,), Training
characteristics (training mode, interval work-bout intensity,
interval work-bout duration, interval recovery mode, inter-
val recovery duration, interval repetitions, interval session
per week, continuous training, total sessions, total weeks,
total work), and outcome characteristics (TT distance).
These descriptive data are available in Table 1 and in the
supplemental material.
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2.9 Synthesis of Results

Group data are reported as means and standard deviations
(SD) with delta reported as the percentage change from
baseline. Data conversions were performed to determine
values for missing data as well as to standardize scores to
allow for a consistent interpretation of the results. Data
expressed using the standard error of the mean (SEM) were
converted to a SD using the following formula:
SD = SEM \/r_z The SD was estimated using t values derived
from the p value in instances where the SEM or SD were not
available using the following formula: SD = \/ﬁ(@)

where X, is the TT mean baseline value and X, the TT mean
value at the end of the interval training. A p value expressed
using an inequality (e.g. ‘ <’) was considered as an equality
(e.g. “="), providing a more conservative estimate of the
SD. Delta scores were converted to percentage change using
the following formula: %Delta = (Df—m X 100), where Delta

X
is the difference between X, and X,. Al negative delta score is
presented in the original units indicates a faster completion
time from baseline. A positive %Delta indicates that the TT
mean value at the end of the interval training is higher than
the TT mean baseline value.

HIIT exercise was classified as repeated bouts of exercise
that occur in the severe intensity domain. SIT included exer-
cise performed in the extreme domain. The correction fac-
tor, Factor = 1.8596 x Test Duration_°'242, used by Granata
et al. [28] and based on the model proposed by Morton [29],
was used to standardize exercise intensity obtained from
incremental ramp testing protocols that exceeded 12-min in
duration. Exercise intensity was then converted to a percent-
age of W, for all instances where it was expressed as an
absolute power (watts) or velocity (km h™'). Total session
work was defined as the product of interval intensity, inter-
val work-bout duration, and interval repetitions. Total work
was defined as the product of total session work, number of
sessions performed each week, and total program duration
(weeks). Both measures of external work were described in
arbitrary units (a.u.).

The TT %Delta scores and weighted mean difference
(WMD) were pooled using the metafor package (version
2.4-0) in R (version 4.0.2) using a mixed effects model and
the DerSimonian-Laird estimator. A mixed effects model
was used to include covariates in the analysis to account for
part of the heterogeneity of the true effects [30].

2.10 Assessment of Heterogeneity and Small Study
Effects

The I statistic was used to determine the percentage of the
total variation in the estimated effect across studies. The
relationship between the effect size and the sample size was

determined visually using a funnel plot. Egger’s test was
used to quantitatively assess for small sample size bias [31].

3 Results

The dataset used in the quantitative analysis is available in
Electronic Supplementary Material Appendix S1. All fig-
ures and tables in this review include the data for studies
that were in the quantitative analysis. Additional tables not
provided in the results can be found in Electronic Supple-
mentary Material Appendix S2.

3.1 Study Selection

The literature search was conducted on June 13, 2020. The
databases SPORTDiscus and Medline were used to perform
the search which yielded a total of 9453 results. Following
the removal of 3032 duplicates, 6421 titles and abstracts
were screened. A total of 51 full-text articles were screened
for eligibility. Thirty-one studies met the inclusion crite-
ria for the qualitative and 29 for the quantitative analysis

(Fig. 1).
3.2 Study Characteristics

Study designs included non-controlled (n=7), controlled
(n=9) and randomized controlled (n=14) trials ranging
from 2 to 10 weeks in duration (Table 1). The sample of stud-
ies for the quantitative analysis included a total of 67 sepa-
rate groups. The participants included males (n =400) and
females (n=91) with a mean group age of 25 (range 19—45)
years and mean VO, of 52 (range 32-70) mL-kg™"-min~".
The training status of the participants comprised of inactive
(n=175), active (n=146) and trained (n=258) individuals.
The different exercise modes consisted of cycling (n=34
groups), running (n =27 groups) and rowing (n = groups)
(Tables 2, 3). The TT tests included a range of distances
from 1.6 to 40.0 km.

3.3 Risk of Bias Within Studies

There was a high risk of bias regarding participant,
researcher and assessor blinding among the included stud-
ies. Only one of the studies included allocation concealment
(Table 4).

3.4 Results of Individual Studies
Twenty-nine of the 34 HIIT intervention groups showed

improvements in TT performance, with group values rang-
ing from 0.1 up to 9.6%. Thirty-two of the 34 SIT groups
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Table 1 (continued)

Outcome

Intervention

Participant characteristics

Study design

Study

distance

TT
(km)

Interval type LICT TT mode

‘Weeks

(mL-kg™ Lmin™")

Training status VO, ..

Sex

Age (years)

n

Group

SD

Mean

SD

Mean

2.0

Running

SIT
SIT

52
4.6

36.2

Inactive

F
F

3.1

22.9

NCT

Willoughby et al. [60]

Running

No

Inactive 32.4

2.7

44.7

NCT

Willoughby et al. [60]

B both, CT controlled trial, F female , HIIT high-intensity interval training, LICT low-intensity continuous training, M male, VO,,,,. maximal oxygen consumption, NCT non-controlled trial, n/a

not available, RCT randomized controlled trial, SI7 sprint interval training, 77 time-trial

showed improvements in TT performance with values rang-
ing from -2.3% to 10.9% (Table 5).

3.5 Synthesis of Results
3.5.1 Baseline Characteristics

3.5.1.1 Sex There was no evidence that sex influenced the
change in TT performance following HIIT (WMD =0.1%;
95% CI — 0.9 to 1.0, p=0.904) or SIT (WMD =0.9%; 95%
CI - 0.7 to 2.5, p=0.270) (Fig. 2).

3.5.1.2 Training Status Training status played a substantial
role in the percentage improvement in TT performance fol-
lowing HIIT, with active individuals demonstrating a 2.0%
(95% C10.6-3.4, p=0.006) greater improvement in TT per-
formance compared to trained individuals (Fig. 3). Train-
ing status also influenced changes in TT performance with
SIT. Participants classified as inactive had a 2.6% (95% CI
1.1-4.1, p=0.001) greater improvement in TT performance
compared to active individuals and a 3.4% (95% CI 1.8-4.9,
p<0.001) greater improvement compared to trained indi-
viduals (Fig. 4).

3.5.1.3 Age There was evidence that age influenced the
change in TT performance following HIIT (f=— 0.13,95%
CI — 0.24 to — 0.03, p=0.012). When participants were
grouped by training status age was no longer a predictor of
change in TT performance. There was no influence of age
on change in TT performance following SIT (#=0.11, 95%
CI - 0.07 to 0.28, p=0.247).

3.5.1.4 Baseline Maximal Oxygen Consumption The evi-
dence suggests that baseline VO,,,,, did not influence the
change in TT performance following HIIT ($=-0.04, 95%
CI - 0.11 to 0.02, p=0.157). Baseline VO,,,, was shown
to affect how individuals responded to SIT (f=-0.12, 95%
CI - 0.19to — 0.05, p<0.001). However, when individuals
were grouped by training status, baseline VO, .. no longer
influenced change in TT performance.

3.5.2 Training Characteristics

3.5.2.1 Training Mode There was no evidence that training
mode influenced the change in TT performance following
HIIT. Training mode appeared to affect how individuals
responded to SIT (p <0.001). The effect of training mode
following SIT was dependent on training status. There was
no effect in inactive individuals (p =0.757). In active indi-
viduals, running led to a 1.7% (95% CI 0.5-2.9, p=0.005)
greater improvement in TT performance compared to
cycling. In trained individuals, cycling and running led to a
significantly greater improvement in TT performance com-
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Fig.1 PRISMA flow diagram

pared to rowing, by 2.0% (p <0.001) and 3.2% (p <0.001),
respectively. There was a non-significant difference between
running and cycling in trained individuals (1.2%, 95% CI
—0.2t0 2.6, p=0.094).

3.5.2.2 Interval Work-Bout There was no effect of train-
ing intensity on change in TT performance following HIIT
(Fig. 5). Since participants in the SIT groups were routinely
told to exercise at their maximal or all-out effort, the power
output was used to set intensity and therefore was not used
as a modifier.

There was no effect of work-bout duration on change in
TT performance following HIIT (#=0.16, 95% CI — 0.23 to
0.54, p=0.425) or SIT (f=— 1.24,95% CI — 5.43 t0 2.95,

p=0.561). When HIIT studies were grouped by training
status, there was a significant effect for trained participants
($=0.37,95% CI 0.06-0.69, p=0.019) indicating that HIIT
intervals of longer duration would lead to greater improve-
ments in TT performance (Fig. 6). There was a correlation
(r=0.53, p=0.002) between HIIT work-bout intensity and
work-bout duration among the HIIT groups.

3.5.2.3 Interval Recovery-Bout There was no influence of
recovery-bout mode (active versus passive) following HIIT
(0.8%, 95% CI — 1.0 to 1.8, p=0.543) or SIT (0.6, 95%
CI - 0.7 to 2.2, p=0.296). When studies were grouped by
training status, SIT with passive recovery produced a 2.6%
(95% CI 0.9-4.4, p=0.003) greater improvement than SIT
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Table 4 Risk of bias of individual studies

Allocation
concealment

Random
sequence genera-
tion

Blinding of partici-
pants and personnel

Selective
reporting
bias

Blinding of out-
come assessment

Incomplete
outcome data

Akca et al. [32] +
Astorino et al. [33] -
Capostagno et al. [34]
Denadai et al. [35]
Denham et al. [36]
Dolgener et al. [37] +
Driller et al. [38] +
Dunham et al. [39] +
Esfarjani et al. [40] -
Granata et al. [41] +
Gross et al. [42] -
Hazell et al. [43] -
Innoue et al. [44] +
Kavaliauskas et al. [45] -
Koral et al. [46] -
Laursen et al. [47] -
Lindsay et al. [48] -
Macpherson et al. [49] -
McKie et al. [50]

Ni Chéilleachair et al. [51]
Scalzo et al. [52]
Siahkouhian et al. [53]
Smith et al. [54]

Stepto et al. [55]

+
+

+ +

Stevens et al. [56] - ? -

Swart et al. [57]
Westgarth-Taylor et al. [58]

Weston et al. [59] - - _
Willoughby et al. [60] - — _

D D D D D D s D 9 0 0 0
|

[t
| |

~
|

R |
| |

+
2
|

|
i)
[T

|
Y b 4+

+ +

| |
P+ + + + 2+ 4+ + + +
P+ + + + 4+ + + !

|
S 4+ 4
+ o+ 4+ + A+ o+ +

|
>4

+ + + +

High risk of bias (=), low risk of bias (+), unclear risk of bias (?)

with active recovery in trained individuals. However, 4 of
the 5 groups that performed active recovery also included
rowing as the training mode. Therefore, it would be diffi-
cult to determine which modifier, recovery mode or training
mode, affected the results.

There was no impact of recovery duration following
HIIT (f=- 0.08, 95% CI — 0.47 to 0.33, p=0.698) or SIT
($=0.05,95% CI — 0.83 t0 0.93, p=0.909. When consider-
ing training status, active individuals demonstrated a greater
improvement in TT performance following longer duration
recovery bouts with HIIT ($=2.30, 95% CI 1.49-3.11,
p<0.001).

There was no influence of rest-to-work ratio following
HIIT ($=-0.29, 95% CI — 0.90 to 0.32, p=0.350) or SIT
(#=-0.04, 95% CI — 0.26 to 0.19, p=0.751). When sepa-
rated by training status, recovery-bout duration influenced

the training response to HIIT in trained individuals with
optimal recovery duration equalling approximately 50%
of the work-bout (f=-0.63, 95% CI — 1.13 to — 0.14,
p=0.012).

3.5.2.4 Interval Repetitions There was a decrement in per-
formance by 1.0% (f=— 0.97, 95% CI — 1.32 to — 0.62,
p<0.001) in active individuals and by 0.2% (f=— 0.14,
95% CI — 0.24 to — 0.04, p=0.006) in trained individuals
for every additional interval repetition after the first 5 repeti-
tions following HIIT. There was no effect of number of inter-
val repetitions following SIT (f=—- 0.03, 95% CI — 0.18 to
0.12, p=0.709), regardless of training status (Fig. 7). There
was a moderate correlation between HIIT interval repeti-
tions and interval work-bout duration in trained individu-
als (r=0.62, p<0.001). There was no correlation between



Programming Interval Training 1699

Table 5 Time-trial results

Study Group n Sex Time-trial Baseline Follow up Delta
Mode Distance (km) Time (s) SD Time (s) SD Time (sec) SD

Akca et al. [32] 1 10 M  Rowing 2.0 411.60 7.50  406.60 7.00 -5.0 4.9
Akca et al. [32] 2 10 M  Rowing 2.0 412.00 7.70  406.30 7.10 -5.7 5.5
Astorino et al. [33] 1 3 M  Cycling 8.0 83533  46.61 817.33 3450 -18.0 13.9
Astorino et al. [33] 2 11 F Cycling 8.0 963.75 63.14  939.14 65.18 246 224
Capostagno et al. [34] 1 8 M  Cycling 40.0 3870.00  65.40 3865.20 30.00 -4.8 27.0
Capostagno et al. [34] 2 7 M  Cycling 40.0 3988.80  76.80 3960.00 150.60 —28.8 25.2
Denadai et al. [35] 2 8 M  Running 1.5 270.70 8.70  265.50 8.40 -52 6.2
Denadai et al. [35] 1 9 M  Running 5.0 1001.00  61.80  986.00 56.90 -15.0 19.5
Denadai et al. [35] 2 8 M  Running 5.0 99470  44.80  981.00 39.60 —13.7 16.4
Denham et al. [36] 1 20 M Running 5.0 1464.00 298.00 1368.00 270.00 -96.0 110.6
Dolgener et al. [37] 1 7 M  Running 1.6 382.00 15.00  355.00 14.00 -27.0 8.6
Driller et al. [38] 1 10 B Rowing 2.0 437.00  40.00 429.00 40.00 -8.0 39
Dunham et al. [39] 1 8 B Cycling 8.0 1089.00 136.00 1003.00 104.00 -86.0 14.2
Esfarjani et al. [40] 1 6 M  Running 3.0 679.00 38.50 62943 28.88 -50.0 17.8
Esfarjani et al. [40] 2 6 M  Running 3.0 679.00 32.00 65591 30.08 -23.0 14.0
Granata et al. [41] 1 11 M  Cycling 20.0 2247.73  147.52 2138.09 90.73 -109.6 72.6
Granata et al. [41] 2 9 M  Cycling 20.0 2162.33  143.12 2131.89 165.12 -304 54.4
Gross et al. [42] 1 7 M  Cycling 5.0 466.01 32,78 45577 2940 -10.2 8.6
Gross et al. [42] 2 4 M  Cycling 5.0 457.23 30.05  444.55 22.00 -12.7 16.7
Gross et al. [42] 3 2 F Cycling 5.0 545.30 424  534.05 0.07 -113 4.2
Gross et al. [42] 4 2 F Cycling 5.0 580.35 57.49 55945 50.84 -20.9 6.7
Hazell et al. [43] 1 10 M  Cycling 5.0 53440 5420 503.10 41.10 -31.3 24.9
Hazell et al. [43] 2 9 M  Cycling 5.0 54930  52.10  533.00 3090 -16.3 322
Hazell et al. [43] 3 10 M  Cycling 5.0 53220 3420 524.00 31.50 -8.2 13.1
Hazell et al. [43] 4 3 F Cycling 5.0 630.50  29.50  609.70 2450 -20.8 5.0
Hazell et al. [43] 5 4 F Cycling 5.0 629.10 3690 601.50 2330 -27.6 23.5
Hazell et al. [43] 6 3 F Cycling 5.0 602.70  37.50 564.30 250 -383 36.2
Inoue et al. [44] 1 7 M Cycling 40.0 6091.00 478.00 5785.00 387.00 -305.6 159.6
Inoue et al. [44] 2 9 M  Cycling 40.0 6143.00 446.00 5961.00 417.00 -1824 105.7
Kavaliauskas et al. [45] 1 8 F Cycling 10.0 1055.00 129.00  997.00 110.00 -58.0 422
Koral et al. [46] 1 12 M Running 3.0 799.25 88.83  746.17 5740 -53.1 39.5
Koral et al. [46] 2 4 F Running 3.0 1044.25 138.97 1002.00 14434 -423 12.1
Laursen et al. [47] 1 8 M  Cycling 40.0 3419.54 188.00 3255.90 21123 -163.6 95.6
Laursen et al. [47] 2 9 M  Cycling 40.0 3490.98 202.68 3299.81 167.26 —-191.2 75.2
Laursen et al. [47] 3 10 M  Cycling 40.0 3451.04 228.57 3304.31 162.53 —146.7 111.2
Lindsay et al. [48] 1 8 M  Cycling 40.0 3384.00 216.00 3264.00 192.00 -120.0 62.8
Macpherson et al. [49] 1 6 M  Running 2.0 530.60 5470  504.30 69.40 -263 29.4
Macpherson et al. [49] 2 4 F Running 2.0 59190 34.60 567.30 24.60 —-24.6 22.7
McKie et al. [50] 1 6 M  Running 5.0 1609.17  299.32 1434.33 157.40 -174.8 189.4
McKie et al. [50] 2 7 M  Running 5.0 1428.86 138.93 137543 6736 -53.4 924
McKie et al. [50] 3 7 M  Running 5.0 1563.71 185.89 1494.29 17538 -694 111.4
McKie et al. [50] 4 5 F Running 5.0 1687.60 191.94 1603.80 178.15 -83.8 254
McKie et al. [50] 5 4 F Running 5.0 1874.75 202.65 1815.25 184.64 -56.5 81.9
McKie et al. [50] 6 5 F Running 5.0 1741.40 239.04 1672.80 21747 —-68.6 60.9
Ni Chéilleachair et al. [51] 1 7 M  Rowing 2.0 396.43 9.13  389.29 6.32 -7.1 7.2
Ni Chéilleachair et al. [51] 2 2 F Rowing 2.0 445.00 11.31  438.50 12.02 -6.5 0.7
Scalzo et al. [52] 1 11 M  Cycling 40.0 4980.16 747.16 4660.47 28090 -319.7 703.7
Scalzo et al. [52] 2 10 F Cycling 40.0 544726 942.66 5572.02 657.55 124.8 578.4
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Table 5 (continued)

Study Group n Sex Time-trial Baseline Follow up Delta
Mode Distance (km) Time (s) SD Time (s) SD Time (sec) SD

Siahkouhian et al. [53] 1 12 M Running 3.0 710.00  80.00 678.76 56.00 -31.2 -10.7
Siahkouhian et al. [53] 2 12 M Running 3.0 962.50  50.50  906.68 46.46  —55.8 -19.0
Smith et al. [54] 1 9 M  Running 3.0 640.70  38.70  623.10 3690 -17.6 10.5
Smith et al. [54] 1 9 M Running 5.0 111970  90.30 1094.00 67.50 -257 414
Smith et al. [54] 2 9 M  Running 3.0 621.70  30.60 615.30 34.80 -64 12.6
Smith et al. [54] 2 9 M  Running 5.0 108630  71.70 1082.70 64.20 -3.6 34.8
Stepto et al. [55] 1 3 M  Cycling 40.0 3618.40 301.74 3608.20 283.03 -10.2 25.2
Stepto et al. [55] 2 4 M  Cycling 40.0 3181.65 3932 3138.45 105.98  —432 69.5
Stepto et al. [55] 3 4 M  Cycling 40.0 3356.40 156.53 3258.75 123.88 -97.7 49.1
Stepto et al. [55] 5 4 M  Cycling 40.0 3434.85 209.74 3354.60 165.03 -80.3 65.9
Stevens et al. [56] 1 8 M  Rowing 2.0 414.60  18.50  410.60 17.50 -4.0 2.1
Swart et al. [57] 1 6 M  Cycling 40.0 3914.00 151.00 3823.00 119.00 -91.0 553
Swart et al. [57] 2 6 M  Cycling 40.0 3975.00 126.00 3888.00 127.00 -87.0 529
Westgarth-Taylor et al. [58] 1 8 M Cycling 40.0 3432.00 294.00 3348.00 32400 -84.0 100.5
Weston et al. [59] 1 6 M  Cycling 40.0 3426.00 264.00 3354.00 252.00 -72.0 68.6
Willoughby et al. [60] 1 7 M  Running 2.0 695.70  30.39  657.40 3844 -32.8 19.9
Willoughby et al. [60] 2 5 M  Running 2.0 708.60 137.50  652.20 133.89 -56.4 35.1
Willoughby et al. [60] 3 7 F Running 2.0 806.66 194.65  746.66 163.09 -60.0 44.6
Willoughby et al. [60] 4 9 F Running 2.0 812.07 135.07 74147 9722 -70.6 85.4

B both, F female , M male , n/a not available, SD standard deviation

A negative delta value indicates an improvement in time-trial performance and a positive delta value indicates a decrease in change in time-trial

performance.

HIIT interval repetitions and total session work in trained
individuals (r=0.07, p=0.688).

3.5.2.5 Intensity Distribution There was a 1.5% (95% CI
0.5-2.5, p=0.005) greater improvement in TT performance
when individuals performed three HIIT sessions per week
compared to two sessions. The number of interval sessions
completed per week did not influence TT performance fol-
lowing SIT. The individuals in the active subgroup (n=5)
in the HIIT studies all performed three HIIT sessions per
week. This skewed the results in favour of three HIIT ses-
sions. There were HIIT studies in the trained subgroup that
included two (n=24 studies) and three (n=9 studies) ses-
sions per week. The analysis of the trained subgroup indi-
cated that there was no significant difference in TT perfor-
mance when individuals completed two or three sessions
(WMD=1.0% 95% CI — 0.2 t0 2.2, p=0.115).

Only the trained subgroups, for both HIIT and SIT,
included interventions that consisted of either interval train-
ing alone or interval training with the addition of continu-
ous training. The results showed that there was a greater
improvement in TT performance when trained individuals
did not perform continuous training during the interven-
tion period following HIIT (WMD =1.4, 95% CI 0.3-2.4,

p=0.009) or SIT (WMD=2.6%, 95% CI10.9-4.4, p=0.003).
The intensity at which continuous training was performed
may be relevant to this finding. However, this was not con-
sistently reported in the included studies.

3.5.2.6 Total Work The total number of HIIT sessions
had a strong influence on changes in TT performance in
active (f=1.17, 95% CI 0.55-1.79, p<0.001) and trained
(#=0.21, 95% CI 0.07-0.35, p=0.003) individuals. There
was no relationship between the number of SIT sessions and
change in TT performance (#=0.08, 95% CI — 0.05 to 0.22,
p=0.217).

The number of HIIT training weeks was strongly related
to improvements in TT performance in active (f=3.52,
95% CI 1.66-5.37, p<0.001) and trained ($#=0.37, 95% CI
0.67-0.01, p=0.014) individuals. There was no relationship
between the number of SIT training weeks and change in TT
performance (f#=0.11, 95% CI — 0.27 to 0.50, p=0.566).
There was a strong correlation between the total number of
sessions and the total number of training weeks with HIIT
(r=0.88, p<0.001) and SIT (r=0.93, p<0.001).

There was no effect of total work (a.u.) on TT perfor-
mance following HIIT in active individuals (#=0.03,
95% CI — 0.46 to 0.52, p=0.912). There was a positive
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MD [95% CI]

High-Intensity Interval Training

Astorino et al. [33] -0.40[-2.73, 1.93]
Gross et al. [42] 0.09 [-1.62, 1.80]
Gross et al. [42] . -0.90 [-4.41, 2.61]
Ni Chéilleachair et al. [51] ——— 0.34[-1.03, 1.71]
RE model for subgroup (Q = 0.60, df = 3, p = 0.90; I = 0.0%) —c— 0.06 [-0.88, 0.99]
Test for overall effect: z= 0.1203,p= 0.9
Sprint Interval Training
Hazell et al. [43] = 2.56[-0.46, 5.58]
Hazell et al. [43] - -1.42[-6.72, 3.88]
Hazell et al. [43] - -4.81[-11.78, 2.16]
Koral et al. [46] 2.11[-0.76, 4.98]
Macpherson et al. [49] - > 0.80[-5.01, 6.61]
McKie et al. [50] : > 5.89[-3.62, 15.40]
McKie et al. [50] - - - 0.73[-5.70, 7.16]
McKie et al. [50] - : - 0.50 [-5.60, 6.60]
Scalzo et al. [52] : - 8.71[-1.92, 19.34]
Willoughby et al. [60] - T | -2.72[-7.33, 1.89]
Willoughby et al. [60] - -0.73 [-8.86, 7.40]
RE model for subgroup (Q = 10.81, df = 10, p = 0.37; 2= 7.5%) ———r——— 0.90 [-0.70, 2.50]
Test for overall effect: z= 1.103,p = 0.27
RE model for all studies (Q = 12.49, df = 14, p = 0.57; I> = 0.0%) ’ 0.32[-0.47, 1.11]
Test for subgroup differences: Qy = 1.07, df =1, p =0.30 H
Test for overall effect: z= 0.7922 . p = 0.43 I I l I |

-5 -2.5 0 25 5

Favours men Favours women

Fig.2 Effect of sex on change in time-trial following interval training. Mean difference (MD) in percentage change in time-trial improvement
between men and women. A negative effect favours men and a positive effect favours women

relationship between total work and change in TT perfor-
mance in trained individuals (f=0.09, 95% CI 0.03-0.16,
p=0.006). Since SIT was set to maximal perceived effort,
the total work cannot be determined.

3.5.3 Time-Trial Characteristics

3.5.3.1 Distance There was no difference in TT perfor-
mance, across the range of TT distances (1.5—40.0 km), fol-
lowing HIIT (f=— 0.02, 95% CI — 0.06 to 0.03, p=0.498)
or SIT (f=—0.05,95% CI — 0.12 to 0.02, p=0.144).

3.6 Assessment of Heterogeneity and Small Study
Effects

There was a high degree of heterogeneity when pooling
the results from the HIIT intervention groups (/> =89.8%).
A visual inspection of a funnel plot for the HIIT groups
indicated the presence of asymmetry with the results
of Egger’s test suggesting the presence of small sample
size bias (p =0.033). When Egger’s test was performed
for the training status subgroups, the bias was eliminated

in the active (p =0.174) but not the trained (p =0.002)
subgroups.

There was also a high degree of statistical heterogene-
ity when pooling the results from the SIT interventions
(I*=87.8). There was a decrease in heterogeneity when the
SIT groups were categorized by inactive (I>=0.0), active
(I>=46.0) subgroups, but not in the trained (I>=87.5)
subgroup. The high degree of statistical heterogeneity in
the trained subgroup may be explained by the presence of
small sample size bias indicated by the significant results
(»<0.001) from Egger’s test.

4 Discussion
4.1 Summary of Evidence

This systematic review and meta-analysis of interval training
studies quantified the influence of individual characteristics
and training variables on TT performance. Training mode
(cycling, rowing, running) was shown to alter the magnitude
of improvement in TT performance following an interval
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Fig.3 Effect of training status on change in time-trial performance following high-intensity interval training. Positive change in time-trial %

indicates improved performance

training program. Age, sex and baseline VO,,,,, did not
influence changes in TT performance. However, a higher
training status was associated with a reduced magnitude
of TT change. The amount of change in TT performance
with HIIT depended on the duration but not the intensity
of the interval work-bout in trained individuals. There was
a dose-response relationship with the number of HIIT ses-
sions, training weeks and total work with changes in TT
performance. However, there was no relationship between
the number of sessions or number of weeks and change in
TT performance with SIT. See Fig. 8 for a graphical repre-
sentation of the key findings from the results.

4.1.1 Baseline Characteristics

4.1.1.1 Sex The pooled results of the meta-analysis showed
that there are no sex-based differences in the change in TT
performance (Fig. 2). These findings were consistent with
the individual results of the studies included in the analy-
sis, which found similar responses between men and women
[33, 42, 43, 46, 49-51, 60, 61]. In addition to TT perfor-
mance, the studies all measured change in VO,,,,,, and once
again there was no response difference between men and
women. The similarity in responses between changes in TT
performance and VO,,,,. is an important finding because it
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Fig.4 Effect of training status on change in time-trial performance following sprint interval training. Positive change in time-trial % indicates

improved performance

demonstrates consistency between two outcome measures
that have been shown to be highly correlated [17].

While the results of the meta-analysis indicate that men
and women have similar adaptive responses in TT per-
formance, previous literature implies that there may be
sex-based differences in the respective acute metabolic
responses. Esbjornsson-Liljedahl showed that women utilize

as much as 42% less muscle glycogen and have lower peak
lactate levels than men during SIT [62]. However, there is
contradictory evidence demonstrating that peak lactate levels
are similar between males and females following SIT [63].
There is also evidence of comparable responses in mitochon-
dria biogenesis as measured by change of maximal citrate
synthase activity [52]. Sex differences in acute substrate
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Fig.5 Effect of high-intensity interval work-bout intensity on change
in time-trial performance. Positive change in time-trial % indicates
improved performance. Data points represent the individual trials
included in the meta-analysis. The size of the data points is propor-
tional to the weight that the individual trials have on the pooled effect
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Fig.6 Effect of high-intensity interval work-bout duration on change
in time-trial performance in trained individuals. Positive change in
time-trial % indicates improved performance. Data points represent
the individual trials included in the meta-analysis. The size of the
data points is proportional to the weight that the individual trials have
on the pooled effect

utilization, specifically involving carbohydrate metabolism,
may be inconsequential since the physiological and perfor-
mance adaptations appear to be similar between sexes.

4.1.1.2 Training Status Training status was shown to be the
only baseline characteristic that had an impact on changes in
TT performance. Improvements ranged from approximately
2% in trained individuals up to 6% in inactive individuals
(Figs. 3, 4). A separate meta-analysis conducted by Weston
et al. found a similar trend with training status influencing

10
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y= -0.03x + 4.38, p=0.709

Change in time-trial (%)
4
l

-2
1

T T T T
0 5 10 15

Interval repetitions

Fig.7 Effect of sprint interval repetitions on change in time-trial
performance. Positive change in time-trial % indicates improved
performance. Data points represent the individual trials included in
the meta-analysis. The size of the data points is proportional to the
weight that the individual trials have on the pooled effect

change in VO, [64]. Our review and the review by Wes-
ton et al. did not include studies that performed direct com-
parisons of training status. The study by Stgren et al., which
did perform a direct comparison, determined that there was
a significant correlation between training status and change
in VO,,«. This result further supports the impact of pre-
vious training status on changes in endurance performance
[65].

There are metabolic and physiological differences among
individuals of different training status. Hetlelid et al. found
that well-trained runners were able to oxidize fatty acids
at a rate that was approximately three times greater than
that found in recreationally trained runners while exercis-
ing at the same relative intensity [66]. Well-trained athletes
were also shown to have higher thresholds relative to their
VO,,,.x compared to recreational athletes, with VT, occur-
ring at 90% versus 83%, respectively. These results suggest
that well-trained athletes not only have higher thresholds,
but that the thresholds may be approaching their adaptive
limits. The greater improvement in TT performance in the
inactive and active individuals in the current analysis may
be as a result of having lower physiological starting points,
leaving more room for overall improvement.

4.1.1.3 Age Age, over the observed range, did not influence
the change in TT performance following HIIT or SIT. Only
one study included in the meta-analysis directly compared
individuals of different age ranges. Willoughby et al. exam-
ined the effects of SIT in younger (ages 20-30 years) and
older (ages 30-50 years) males and observed no age dif-
ference in the change in TT performance or VO,,,,, [60].
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These findings were consistent with a larger study (n=94)
by Stgren et al. which also found no difference in the VO,
adaptation following HIIT [65]. Notably, there is one study
that found that when matched for baseline VO,,,,., younger
individuals can experience more than double the improve-
ment in VO, when compared to older individuals [67].
Since there is approximately a 1% decrease in VO,,,,, every
year throughout adulthood [68, 69], when older individu-
als are matched to younger individuals by VO, the older
adults will likely see a smaller improvement in performance
because they are at a higher relative training status.

4.1.1.4 Maximal Oxygen Consumption There was no influ-
ence of baseline VO,,,,. on change in TT performance fol-
lowing HIIT or SIT when participants were categorized by
training status. An important limitation of VO, is that
it does not account for individual physiological differences
in other correlates of endurance performance [70]. The
highest VO, that can be maintained at submaximal physi-
ological thresholds may be a better marker of endurance
performance. Previous literature has shown that the lactate
threshold (LT) is strongly correlated with endurance perfor-
mance and has been shown to be a more reliable correlate of
TT performance than VO,,,,.. Coyle et al. found that cyclists
with a similar VO, but a higher relative LT were 10%
faster at completing a 40-km cycling TT [19].

The study by Laursen et al. included both HIIT and SIT,
and incorporated measures of VT, as a percentage of VO,,,..
in addition to TT performance [47, 71]. The results illustrate
that there is a 15% percent increase in VT, following HIIT
interventions and only an 8.5% improvement following SIT.
These results suggest that submaximal adaptations, likely
leading to improved oxidative capacity, may be greater with
HIIT. Baseline VO,,,,, did influence the adaptive responses
of SIT implying that TT improvements following SIT are

more likely related to changes in VO,,,,, as opposed to sub-
maximal improvements as measured by VT, which are criti-
cal to HIIT adaptations.

4.1.2 Training Characteristics

4.1.2.1 Training Mode Training mode was only shown to
be a factor in TT adaptations following SIT. Specifically,
in active individuals, running led to a 1.7% (95% CI 0.5—
2.9, p<0.005) greater improvement in TT performance
than cycling. Changes in running economy contribute to
improved performance and may play a role in the differ-
ences observed between the two exercise modes. Moore
et al. found that runners develop a more efficient running
gait as they become more experienced runners, which leads
to improved submaximal performance [72]. In addition,
sport specificity has been shown to affect exercise economy
with running but not with cycling. Swinnen et al. compared
running and cycling economy in a group of cyclists, runners
and triathletes using submaximal cycling and running per-
formance tests [73]. They found that runners had better run-
ning economy than cyclists, but that there was no difference
in cycling economy between runners and cyclists.

Rowing led to the smallest improvement in TT perfor-
mance compared to cycling and running. It is currently
unclear what led to the difference in performance gains.
It is possible that interval training programs do not elicit
the same magnitude of change in performance as shorter
duration TT tests, such as a 2000-m (~ 6.5 min) rowing test.
However, the results of the meta-analysis indicate that dis-
tance was not a factor in changes in performance. Anecdo-
tally, varsity-level rowers have reported that the effort for
each stroke is typically performed at a maximal effort. The
mean power output for a 2000-m rowing TT test from the
studies included in this review is approximately 80% of the
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maximal power achieved from the incremental test [32, 38].
The results are in fact lower than the mean power output
found in cycling TT tests of similar duration. Gross et al.
found that trained cyclists performed a 5-km TT (~ 7.5 min)
test at approximately 85% of the power achieved from their
incremental test [42].

4.1.2.2 Interval Work-Bout Exercise intensity has been
described as the most important factor influencing the adap-
tive responses to endurance performance [74-76]. Interval
training (both HIIT and SIT) leads to greater improvements
in measures of cardiovascular health and fitness compared
to moderate intensity continuous training (MICT) even
when performed at substantially lower volumes of work
[75]. However, a higher exercise intensity within a spe-
cific intensity domain (e.g. severe domain) may not lead to
greater improvements in endurance sport performance. The
results of this meta-analysis show that HIIT performed at
any intensity produces similar improvements in TT perfor-
mance (Fig. 6). These results were consistent across the dif-
ferent classifications of training status. Since SIT was per-
formed at maximal effort, exercise intensity for SIT was not
addressed in the analysis.

The duration of an interval work-bout is commonly dis-
cussed as another important factor that can influence adapta-
tions in endurance performance. However, the improvements
in TT performance following HIIT and SIT were found to
be independent of work-bout duration. When HIIT groups
were divided by training status, the results showed that there
was a significant (p < 0.02) relationship between work-bout
duration and change in TT performance in trained indi-
viduals. For every additional minute per work-bout, there
is approximately a 0.5% improvement in TT performance
in trained individuals. The results of the subgroup analysis
show comparable findings to previous work by Rosenblat
et al. [3]. They found that when compared to SIT, longer
work-bout durations of HIIT produced greater improvements
in TT performance than shorter work-bouts [3]. In regard
to SIT, the majority of studies included 30-s work bouts.
Therefore, it is difficult to make a conclusion on the influ-
ence of work-bout duration and suggests that 30-s bouts be
incorporated in a training program.

There are a number of previous studies that directly com-
pared HIIT programs differing in work-bout duration, with
some studies favouring shorter intervals [77, 78] and oth-
ers favouring longer intervals [55, 79, 80]. Since it takes
approximately 2 min to reach peak oxygen levels [9], longer
duration intervals may allow individuals to exercise at a high
percentage of their VO,,,, for a longer continuous period
of time [3]. However, the studies which found that shorter
intervals were more effective also included very short recov-
ery periods between work bouts which mitigated a decline
in oxygen consumption and allowed the subsequent work

bout to begin at a higher oxygen consumption [77, 78].
Therefore, during longer intervals a larger portion of total
oxygen uptake is consumed during locomotion and is pri-
marily directed toward producing mechanical work. Whereas
in the shorter intervals, more oxygen is consumed during
recovery intervals and used for a combination of mechani-
cal work and restoring metabolic and substrate homeostasis
[81]. The significance for endurance sport performance of
whether oxygen is consumed during work or during recovery
has yet to be investigated.

4.1.2.3 Interval Recovery-Bout The design of the recovery-
bout between interval repetitions can greatly affect the acute
physiological responses and the subsequent interval bouts in
the exercise session. There are conflicting viewpoints as to
which recovery mode, active versus passive, leads to opti-
mal adaptive response because of the differences in acute
responses. Active recovery has been shown to decrease
plasma lactate levels at a faster rate than passive recovery
[82, 83]. Time spent above 90% VO,,,. is also higher with
active recovery [82, 83]. In contrast, there is evidence to
suggest that passive recovery allows for greater phospho-
creatine replenishment than active recovery which permits
higher power output for successive interval bouts [84, 85].
Passive recovery can also lead to a greater TTE during inter-
val training, [84, 86, 87], allowing for a greater total amount
of mechanical work to be completed.

The results of this meta-analysis indicate that recovery
mode only influenced the adaptive responses to TT per-
formance in trained individuals performing SIT, suggest-
ing that passive recovery was more beneficial. There was a
difference in the active recovery training protocols among
the groups. The studies that included active recovery in the
trained participants used a recovery intensity that was much
greater than the protocols used in the other subgroups. It is
possible that the recovery intensity was too high to allow for
sufficient recovery between SIT bouts. Individual preference
may be the most appropriate method of choosing recovery
mode as it may improve enjoyment and adherence. However,
if individuals were to perform active recovery, it should be
done at an intensity below 40% of MAP/MAV to optimize
performance gains.

The duration of an interval recovery-bout does not influ-
ence the acute physiological responses following an interval
work-bout to the same degree as recovery mode. There is
no difference in peak plasma lactate levels between shorter
(1 min) and longer (4 min) recovery-bouts during HIIT exer-
cise [88-90]. However, rating of perceived exertion during
intervals with shorter recovery was found to be significantly
higher compared to longer recovery [89, 90]. When per-
forming self-paced intervals, runners have faster running
speeds when recovery duration is increased from 1 to 2 min
[88]. A further increase from 2 to 4 min can increase runner
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performance in recreationally active individuals [88], but
not in trained runners [89]. These results coincide with the
results of the current review, which show that longer recov-
ery duration during HIIT can lead to greater improvements
in TT performance in active but not trained individuals.
Acute studies that incorporated SIT indicate that longer
recovery bouts result in lower average oxygen uptake over
the course of an exercise session [91]. When self-select-
ing recovery times during SIT, recovery duration tends to
increase leading to lower levels of total oxygen consump-
tion. However, longer recovery bouts allow participants to
maintain higher speeds during successive work-bouts [92].
Acute responses in oxygen consumption may not provide
an indication of the adaptive mechanisms since measures of
mitochondrial respiration improve with training regardless
of rest interval during SIT [93, 94]. Furthermore, the find-
ings from the meta-analysis suggest that recovery duration
does not affect the change in TT performance with SIT.

4.1.2.4 Interval Repetitions The results suggest that an
increasing number of HIIT interval repetitions can nega-
tively impact the change in TT performance. The studies that
included a greater number of repetitions primarily included
interval bouts that were shorter in duration (~1 min) [34,
55]. There was a moderate correlation between the number
of HIIT interval repetitions and interval work-bout duration
in trained individuals (r=0.62, p<0.001). As previously
discussed, longer-interval work bout has been shown to be
more beneficial than shorter intervals. Therefore, when tak-
ing work-bout duration into account, the number of repeti-
tions no longer impacts change in TT performance.

SIT repetition number did not seem to influence the adap-
tations in performance regardless of the work-bout dura-
tion. These results conflict with the findings from a previ-
ous meta-analysis conducted by Vollaard et al. [16]. They
found that there would be a 1.2% decrement in VO,,,,, for
every 2 additional repetitions [16]. One potential issue with
their results is that they did not consider the relationship
between the number of repetitions completed in a session
and baseline VO,,,,. Further analysis of the data in the
review by Vollaard et al. [16] indicated that studies in which
participants performed fewer repetitions also included par-
ticipants with lower baseline VO,,,,, values than those who
performed more repetitions. When the results from all stud-
ies from the review by Vollaard et al. [16] were included, the
analysis did not indicate that there was a significant relation-
ship (p=0.077). However, there were two outliers, which
when removed from the analysis, allowed the relationship
to reach significance (f=1.4,95% CI1 0.7 to 2.1, p <0.001).
The results from both the review by Vollaard et al. [16]
and the current review show that individuals with a lower
baseline VO,,,,, improve at a greater rate than those with
a higher VO,,,.. In addition to these results, the Vollaard

et al. [16] study included participants with a variety of physi-
ological conditions, such as diabetes and obesity, making it
difficult to generalize these results due to the introduction
of many covariates.

4.1.2.5 Intensity Distribution The distribution of train-
ing intensity can have a significant impact on changes in
TT performance. The two common models that incorporate
different training intensity distributions include a threshold
training intensity model and a polarized training model. A
polarized training model includes approximately 75-80%
of total training in the moderate domain, 5% in the heavy
domain, and 15-20% above the heavy domain [95]. A
threshold training model differs from the polarized model
in that a much lower percentage of total training volume is
completed in the moderate domain (45-55%) with a higher
percentage completed in the heavy domain (35% to 55%)
[95]. A systematic review with meta-analysis conducted by
Rosenblat et al. compared the effects of a polarized model
with a threshold model on changes in TT performance in an
athletic population [14]. The results indicated that a polar-
ized model led to a greater improvement in TT performance
(SMD =- 0.66; 95% CI — 1.17 to — 0.15, p=0.010).

There was no additional improvement in TT performance
when participants completed more than two interval sessions
per week for HIIT or SIT. Furthermore, the results suggest
that the addition of continuous training to an interval training
program was detrimental to TT performance. These results
conflict with the study by Stoggl et al. which found that the
addition of continuous training, in a polarized model, was no
different than HIIT alone for improving endurance perfor-
mance [96]. However, the study by Stoggl et al. used VO,,,
as the primary measure of endurance performance whereas
the outcome of interest is TT performance. Another limita-
tion to interpreting the findings in the current review is that
it was unclear if the continuous training sessions in each of
the included studies were performed in the moderate inten-
sity or heavy intensity domains. If the continuous exercise
described in the studies was performed in the heavy domain,
the intensity distribution would resemble a threshold model
and this may have inhibited subsequent TT improvement
compared to HIIT alone.

4.1.2.6 Total Work There was a strong correlation between
the total number of sessions and the total number of train-
ing weeks with HIIT (r=0.88, p<0.001) and SIT (r=0.93,
p<0.001). Both variables were found to influence the
changes in TT performance following HIIT. However, nei-
ther total interval sessions nor total training weeks were
related to changes in TT performance following SIT. Since
both HIIT and SIT led to improvements in performance, but
responded differently to programming variables, it is likely
that they achieve adaptations through different physiologi-



1708

M. A. Rosenblat et al.

cal mechanisms as previously suggested. It is important to
note that the majority of HIIT studies included training pro-
tocols that ranged from 2 to 4 weeks in duration. However,
the few studies that did investigate longer training interven-
tions showed even greater improvements in TT performance
[40, 44, 58]. Therefore, based on the available evidence, it
may be recommended to perform HIIT training programs
that are at least 4 weeks in duration.

The ‘all-out’ short durations of SIT exercise closely sim-
ulate heavy or explosive resistance training exercise. The
primary difference between resistance training and SIT is
that SIT can be performed in the same exercise mode as a
TT test, making it a sport-specific form of exercise. Heavy
and explosive resistance exercise has been shown to improve
measures of endurance sport performance by increasing
VO, as well as the rate of force development [97]. A
direct comparison of SIT with resistance exercise showed
no difference in the improvements in VO,,, .. or submaxi-
mal exercise performance [98]. In addition, changes in force
development can occur in as few as 2 weeks [99]. This is
similar to the minimal timeframe observed for changes in
TT performance with SIT. An increase in measures of mito-
chondrial biogenesis is an important adaption that occurs
following SIT [75, 100]. There are mixed results regarding
the ability of resistance training to produce similar responses
in mitochondrial biogenesis [101].

The findings of the study by Turnes et al. may shed some
light on the mechanistic differences between HIIT and
SIT [102]. They compared the effects of interval training
performed at the low end and upper borders of the severe
domain, consisting of 5 min and 60 s all-out work bouts,
respectively. Their findings showed that there were simi-
lar improvements in TT performance between the groups.
However, the higher intensity, shorter interval group showed
increases in peak electromyography (EMG) activity, peak
power output, and mean power output during a Wingate test
following training. The lower-intensity, longer-duration-
interval group showed a decrease in peak EMG activity
and no change in Wingate peak or mean power output. The
improvements are likely from different mechanisms; how-
ever, further studies that assess acute responses during TT
trials following HIIT and SIT are necessary to determine if
this is the case.

4.1.3 Time-Trial Characteristics

4.1.3.1 Time-Trial Distance The theory of specificity would
suggest that SIT should lead to greater improvements in
shorter distance TTs and HIIT lead to greater improvements
in longer distance TTs. Previous literature shows that differ-
ent duration TTs utilize different percentages of aerobic and
anaerobic metabolism [103]. The results of the meta-analysis
show that interval training type does not influence change in

performance regardless of the distance. Both forms of inter-
val training can produce improvements in VO,, .., leading
to improvements in both short and long distance events [3].
Two studies included in the review directly compared the
effect of interval training on multiple running TTs differing
in duration [35, 54]. The results of the studies found there
to be no difference in TT performance between the respec-
tive interval groups. The comparisons included relatively
short events ranging from 1.5 to 5 km. Therefore, further
investigations that compare changes in short (~5 km) with
longer (40 km) TTs following HIIT and SIT are necessary
to determine if there is a causative effect of interval type on
TT distance.

4.2 Limitations

The articles selected for this review included only those that
were found in the initial literature search as described in the
methodology. An additional search for articles that may have
been missed was not conducted to minimize selection bias
and to improve the reproducibility of the article selection
process. As a result, it is possible that articles that meet the
inclusion criteria may have been omitted from the analysis.
Many of the studies that were included in the review con-
tained a control group, in addition to the interval training
group, as a base for comparison. The analysis performed in
this review was limited to the change score of the interval
training groups. This may introduce a degree of bias in the
interpretation of the effectiveness of the intervention. Ear-
lier reviews have determined that interval training is either
equally or more effective at improving endurance perfor-
mance as compared to other forms of endurance exercise
[64]. The purpose of the current review is to determine the
relationship that covariates, such as baseline and training
characteristics, have with change in TT performance.
There were a number of studies (n=15) that were miss-
ing data for the SD of the delta scores. For this analysis, the
missing values were calculated by converting the p values
for the delta scores using a ¢ test, as described in the method-
ology. This leads to a more conservative estimate of the true
deviation in scores. A conversion method was also used to
standardize the measures among groups in the analysis. Spe-
cifically, the delta score for TT time (sec) was converted to
a percentage difference from baseline. Correlating a change
score with the baseline score can increase the potential for
measurement error in the initial score as a result of regres-
sion to the mean [104]. In the case of TT tests, the greatest
measurement error can occur in the initial test, but decreases
following a familiarization test [105]. Thirty-three of the 77
groups included a familiarization test. Therefore, it is possi-
ble for some degree of measurement error to have occurred.
In addition, using group means in a meta-analysis will
increase the magnitude of the measurement error. However,



Programming Interval Training

1709

this is unlikely in the current meta-analysis because the dif-
ference between the percentage change of individual scores
and the percentage change of the group scores was found to
be less than 0.1%. This independent analysis was performed
in a sample of the studies where the raw individual datum
was provided by the respective authors (158 participants
from 27 groups).

The results of our meta-analysis show that training status
can greatly influence the adaptive responses in performance
following an interval training program. There were no stud-
ies in the analysis that examined the influence of baseline
and training characteristics of HIIT in inactive participants.
However, there were studies that included inactive individu-
als following SIT. The pooled results showed that inactive
individuals have a greater response to training when com-
pared to individuals at higher training status. It is probable
that there would be a similar response in inactive individu-
als following HIIT. Due to the differences in physiological
responses between HIIT and SIT, caution should be taken
when generalizing the results between the two interval types.

Many of the studies that included both males and females
did not conduct a separate analysis for sex. This type of
analysis was possible once the raw data were obtained from
the respective authors. In many cases, separating participants
by sex produced groups with very small sample sizes and
subsequent results with large standard deviations. As such, it
is conceivable that the results of the analysis may be skewed
since the original studies were not designed to consider sex
for subgroup comparisons. In cases where individual datum
was not obtained (n=2), the analyses were completed using
the results with males and females in the same group. Given
those caveats, our results suggest men and women have a
similar TT response to interval training.

There was limited information about the exercise inten-
sity for the continuous training protocols that were included
in some of the studies. A combination of interval training
with continuous training performed in the heavy domain, as
opposed to the moderate domain, is less effective at improv-
ing VO,, ... and TT performance [14]. Since the information
regarding exercise intensity was not available for the con-
tinuous training protocols, its inclusion as a modifier in the
analysis should be interpreted cautiously.

The primary outcome in the review is TT performance
as measured by a change in time. The strong validity and
reliability of TT tests strengthens our interpretation of the
results as indicative of endurance performance [22, 23, 105,
106]. Mean power output over the course of a cycling TT test
is a more reliable measure than time-to-completion when
performing outdoor tests due to variability in environmen-
tal factors [107]. However, while none of the cycling TTs
were performed outdoors, a number of the running TTs
were completed on outdoor tracks. Therefore, it is possible
for environmental factors to have influenced the results of

a small number of running TT tests. Nonetheless, change
in time from baseline was used since it provided a perfor-
mance measure in the same units across the different exer-
cise modes. In addition to environmental factors, a partici-
pant’s lack of experience completing a performance test can
increase measurement error [22]. Familiarization tests can
decrease that measurement error, but only to a certain degree
[105]. Therefore, it is likely that there is some degree of
measurement error in the analysis since only 33 of the 77
studies included familiarization tests.

4.3 Future Directions

The meta-analysis by Rosenblat et al. showed that longer-
duration HIIT intervals (4 min to 5 min) led to greater
improvements in TT performance when compared to SIT
[3]. Since the results of the current review showed that both
HIIT and SIT led to improvements in TT performance, it
would be beneficial to investigate the effects of including
both HIIT and SIT in the same intervention program. There
are studies that have investigated the effects of concurrent
HIIT + SIT [108] and periodization of HIIT and SIT [109].
However, those studies included interval programs that dif-
fered from the HIIT and SIT programs found in the cur-
rent review to be optimal for improving TT performance.
Furthermore, the studies did not include TT as one of the
outcome measures to assess change in performance.

A more in depth understanding of the mechanisms that
lead to performance changes following HIIT and SIT should
provide further insight into the development of an interval
training program. Although there are a number of similari-
ties in the acute and chronic adaptions between SIT and
resistance training, the studies that compare the two modes
of training are limited. Changes in peripheral adaptations
have been the focus of a majority of the recent studies on
interval training [75, 100]. Due to the importance of central
factors on oxygen consumption [110], it would be valuable
for future training intervention studies to compare meas-
ures of central adaptations. These measures should include
changes in left ventricular mass, stroke volume and cardiac
output between interval types.

Active individuals engaged in a running SIT program
experience a substantially greater improvement in TT per-
formance when compared to other modes of exercise. A
similar change in running TT performance was not apparent
in trained runners. The results of previous studies suggest
that running economy plays a larger role in performance
when compared to other modes of exercise [72, 73]. Interval
training studies would benefit from an investigation into
whether changes in exercise economy occur to the same
degree in trained runners and cyclists while each is train-
ing in the alternative mode of exercise. Furthermore, it is
unclear why rowing led to the smallest improvement in TT
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performance when compared to other modes of exercise.
Future studies could further clarify whether changes in
performance are as a result of sport specific adaptations in
exercise economy as opposed to changes in general meas-
ures of fitness.

Previous studies have examined the influence of different
interval work-bout intensities and durations on endurance
performance. The results of the meta-analysis indicate that
manipulating exercise intensity within the severe intensity
domain does not influence changes in TT performance.
There is one study that directly compared the effect of
different exercise intensities on TT performance [35, 54].
However, the study used protocols that employed only small
differences in exercise intensity (~6% difference between
groups). Longer work-bout durations with HIIT exercise lead
to greater improvements in measures of endurance perfor-
mance when compared to SIT [3]. The results of the current
meta-analysis also indicate that longer interval work-bout
durations lead to greater improvements in TT performance
with HIIT. It would be valuable to determine the influence of
interval work-bout duration on TT performance when total
mechanical work is matched.

Studies that investigate the acute responses of manipulat-
ing an interval recovery-bout (i.e. active versus passive or
recovery duration) have found that measures, such as lactate
levels, oxygen consumption, perceived exertion and external
power, are dependent on the design of the protocol. The
results of the current review suggest that the differences in
acute responses to a single training session may have limited
impact on chronic adaptions in performance. There are no
studies that directly compare the effect of interval work-bout
duration consisting of identical external work on measures
of endurance performance. Studies that compare a wider
range of intensities and work-bout durations would provide
valuable insight into interval training programming which
could lead to more productive practical applications. In addi-
tion, determining the long-term adaptive responses to inter-
val training programs based on different interval recovery-
bout characteristics would enhance the body of knowledge
in the field.

5 Conclusion

Optimization of interval training programs to produce TT
performance improvements should be done according to
training status. Non-modifiable characteristics, such as sex
and age, do not influence the TT performance gains.

Our analysis suggests that increasing interval training
dose beyond minimal requirements may not augment the
training response. There are similar improvements in TT
performance following HIIT and SIT. However, the program

characteristics that lead to the changes are different for the
two modes of interval exercise. For HIIT training, gains in
TT performance are dependent on work-bout duration but
are equivalent across training intensities from 75 to 100% of
maximal power. The effect of training intensity within the
extreme domain for SIT could not be assessed.

Longer program duration increased the performance ben-
efit for HIIT but not for SIT. The evidence provided in this
review suggests that in trained individuals, HIIT programs
should consist of 5 repetitions of 5-min work-bouts at any
intensity within the severe domain, with a 2.5-min recovery
period (active or passive) between work bouts, twice a week
for at least 4 weeks. Unlike HIIT, the evidence suggests that
within commonly studied ranges there is no dose-response
to SIT. SIT programs should consist of 4 repetitions of
30-s work bouts performed at maximal effort, with 4 min
of passive recovery, twice a week for 2 weeks, for trained
individuals.
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