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Diaphragm; Inspiratory muscle fatigue (IMF) may contribute to the development of exercise limitation and
Inspiratory muscle respiratory failure. Identifying fatigue of the inspiratory muscles requires a rigorous and inte-
fatigue; grative methodological approach. However, there is no consensus about an optimal protocol to
Assessment; induce and assess the fatigability of the inspiratory muscles.

Phrenic nerve A systematic review was performed to identify, evaluate, and summarize the literature
stimulation related to the assessment of induced IMF in healthy individuals. The aim was to identify factors

that are related consistently to IMF, as well as to suggest possible assessment methods. MED-
LINE and EMBASE were searched for relevant articles until February 2012. Only studies with
a quantitative description of assessment and outcome were included.

The search yielded 460 citations and a total of 77 studies were included. Inspiratory muscle
fatigue was produced acutely by inspiratory resistive loading (IRL), whole body exercise (WBE),
hyperpnea, or WBE combined with IRL, and under normocapnic, hypoxic or hypercapnic condi-
tions. To detect IMF, most studies (64%) used phrenic nerve stimulation, 44% used a maximal
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voluntary inspiratory maneuver and the remainder used electromyography. The heterogeneity
of the published reports precluded a quantitative analysis.

Inspiratory resistive loadings at intensities of 60—80% of maximum, and cycling at 85% of
maximum were found to produce IMF most consistently. Hypoxic or hypercapnic conditions,
and WBE combined with IRL, exacerbated IMF. The specific outcome measures employed to
detect IMF, the magnitude of their change, as well as their functional significance, are ulti-
mately dependent upon the research question being addressed.
© 2012 Elsevier Ltd. All rights reserved.
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Introduction pulmonary rehabilitation, intensive care, sports medicine

The primary function of the respiratory control system is to
drive alveolar ventilation in proportion to the metabolic
requirements. The human diaphragm is the primary muscle
involved in active inspiration." Increased inspiratory muscle
work may induce fatigue of the respiratory muscles, as well
as of the non-respiratory muscles by central changes at spinal
and supraspinal level.? Fatigue is defined as a loss in the
capacity for developing force and/or velocity of a muscle,
resulting from muscle activity under load and which is
reversible by rest.> However, this definition is rather vague
since the amount of loss, the intensity of muscle activity and
applied load is not further defined. Furthermore, inspiratory
muscle fatigue (IMF) is defined regardless of whether it is
caused by peripheral contractile fatigue,*> or failure of the
neural drive, which is called central fatigue.?¢~°

In the last 30 years, the function of the respiratory
muscles has received considerable attention. Roussos and
Macklem were the first to suggest that respiratory muscle
fatigue may contribute to the development of respiratory
failure.'® Respiratory muscle fatigue may develop in path-
ological states, such as chronic obstructive pulmonary
disease," or amyotrophic lateral sclerosis,' but also in
healthy individuals during temporary increases in respira-
tory work, such as strenuous physical exercise.?

Despite the complex process of IMF, diagnostic measures
are essential to provide optimal treatment in e.g.

and neurology.™ Although a variety of methods have been
employed, there is no consensus about an optimal protocol
to induce and interpret IMF, either in research, or clinical
settings. The purpose of this systematic review is to outline
the potential diagnostic strategies to assess the fatigability
of the inspiratory muscles in healthy humans. More
specifically the objective is to identify factors in the
loading protocols contributing to the extent of IMF, as well
as to define the possible measurement tools to identify IMF.

Methods
Search strategy

Papers were selected from electronic databases as follows:
MEDLINE and EMBASE (from their earliest date until February
2012). We used a broad search strategy using the terms “dia-
phragm”, ‘“respiratory muscles”, “respiration”, ‘“muscle
fatigue” and "muscle weakness” with a limit on articles in
English, French, German or Dutch. A detailed search strategy
is available in Appendix 1. The reference lists of all included
studies were screened for potential additional eligible studies.

Study selection

Inclusion criteria were: (1) Types of studies: prospective
cohort, retrospective cohort, cross-sectional, case-control
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and randomized controlled studies (only full text). (2)
Types of interventions: any intervention causing acute
loading of the inspiratory muscles (3) Types of assessment
tools: quantitative description of diagnostic tool to assess
IMF; (4) Types of outcome measures: quantitative result in
terms of an absolute or relative value; (5) Types of partic-
ipants: homogeneous samples of healthy adult humans;
Exclusion criteria were: (1) Types of studies: case reports,
case series, editorials, letters, replies, reviews and guide-
lines. These types of studies were only used for cross-
references; (2) Types of interventions: any intervention
causing unloading of the inspiratory muscles (e.g. by
training) or loading of the expiratory muscles; (3) Types of
assessment tools: no quantitative description of diagnostic
tool to assess IMF; (4) Types of outcome measures: no
quantitative result; (5) Types of participants: animals,
children or adult humans with a pathological condition.
Three reviewers independently screened all titles and
abstracts returned by the search strategy. Studies not
clearly eligible after reading the title and/or abstract were
evaluated for selection after retrieving the full text. In case
of disagreement, the full article was read and consensus
was reached after discussion.

Data extraction

Three reviewers independently extracted all relevant data-
items from the included studies using a data extraction
form. The quality of the studies was assessed using a quality
checklist based on the STROBE statement. '

Methods of analysis and synthesis

The results were summarized qualitatively. It was judged
that the data were not suitable for statistical pooling due to
the heterogeneity of the study designs. For each eligible
study we described how IMF was assessed. If the data
allowed we described the mode, intensity and duration of
the loading protocol. For each study, the change in
outcome measure as the difference between pre and post
the loading protocol, was described in percentage.
Common article results were compared when statistically
significant results were reported.

Results

The search strategy yielded a total of 460 citations. A total
of 84 were deemed potentially relevant based on title and/
or abstract screening. After excluding articles not meeting
the prespecified inclusion criteria and after including
supplementary articles by cross-references, a total of 77
studies were considered for the final analysis. Fig. 1
displays the flowchart of the search strategy. Tables 1—5
summarize how IMF was assessed in detail and show the
mean decline in measured outcome in percentage.

Loading protocol

Of the selected studies, 32 used inspiratory resistive
loading (IRL) (Table 1), 30 studies used whole body exercise

(WBE) (Table 2), 11 used hyperpnea (HYP) (Table 3), 6 used
IRL, WBE or HYP under changed oxygen or carbon dioxide
fractions (Table 4) and 4 used a combination of WBE and IRL
(WBE + IRL) (Table 5) to induce possible IMF.

Most studies used IRL by breathing against an inspiratory
threshold load (Table 1). In most of these studies (n = 27)
subjects were instructed to breathe against a predefined
percentage of their maximal inspiratory mouth pressure
(Pimax) or maximal inspiratory transdiaphragmatic pressure
(Pdimax). However, this percentage ranged from 50 to 100% of
Pinax Or Pdinax, With a mean of 67% (interquartile range (IQR)
60—80). Only four studies used an incremental IRL to induce
IMF,">~" and one study used a preset resistance from 40 to
50 cmH,0 of the maximal inspiratory oesophageal pressure
(PoeSmax). 2% Duty cycle (0.5 + 0.1) and breathing frequency
(15.3 £ 3 breaths/min) were quite consistent between the
IRL protocols. However, the length of the IRL protocols
ranged from 3 to 50 min (18.3 £ 13.3 min), with some tests
performed to task failure and others to a defined time limit.

The remainder of studies used WBE to overload the
inspiratory muscles. The WBE was undertaken using cycling
(19 studies), running (10 studies), or swimming (5 studies)
(Table 2). The mean exercise intensity was 85% of maximal
oxygen uptake (VOzmax) (IQR 80—90). In a small number of
studies normocapnic hyperpnea (HYP) at high percentage of
maximal voluntary ventilation (MVV) was used to induce IMF
(Table 3). Four studies combined a reduced inspiratory
oxygen fraction (hypoxia) or hypoventilation (hypercapnea)
with WBE,2'"2* and two studies used HYP under hypoxic?
and hypercapnic?® conditions to induce IMF (Table 4). Four
studies combined WBE and IRL to induce IMF, both at the
same time,?’ or with WBE immediately following IRL.283°

Pre-post measurement techniques

Of the selected studies, 64% (n = 49) used phrenic nerve
stimulation to detect possible diaphragmatic fatigue
(Tables 1-5). This technique involves bilateral antero-
lateral or cervical stimulation of the phrenic nerves via
electrical or magnetic stimulation while measuring gastric
pressure (Pga), oesophageal pressure (Poes), trans-
diaphragmatic pressure (Pdi = Pga — Poes) or mouth
pressure (Pmouth), both before and after the overloading
protocol. Two studies used transcranial stimulation of the
phrenic nerves via a magnetic®! and electrical®? stimulus.
Most studies measured the twitch response during rest
(unpotentiated twitch), but a few studies measured
a potentiated twitch response to rule out a possible
potentiation effect. 1933736

Forty-four percent of the studies (n = 34) used a pre-
post maximal voluntary inspiratory maneuver (Mueller)
while measuring maximal Pmouth (Pinax), Pga, Poes, Pdi. In
five studies subjects performed a powerful sniff maneu-
ver.'822,37-39 Besides the pressure measurements, some
older studies used surface or catheter electromyography
(EMG) to assess IMF.”>1840-48

Presence of inspiratory muscle fatigue

Tables 1-5 (right column) show the mean decline (%) of
measured outcome of each study. All studies showed
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Studiesidentified by
electronic search
(n=460)

Studies excluded by title/abstract (n = 376)

- Case reports, case series, editorials, letters,
replies, reviews, guidelines (n = 82)

A4

Studiesincluded by
title/abstract (n = 84)

A 4

- No human adults (n = 10)

- No healthy individuals (n= 126)
- No outcome of interest (n = 136)
- No abstract (n =22)

Studies excluded by full text screening
(n=19):No qualitative description of

Studiesincluded by
cross-references > >
n=12)
Studiesincluded in the
systematic review
m=77)

fatiguing protocol, measurement tool and
result

Figure 1  Flowchart search strategy.

a significant decline in mean Pdi, Poes, Pga and Pmouth
twitch response following IRL (Table 1). After only 2 min of
IRL Laghi et al.* showed no decline in unpotentiated Pdji, tw,
although a significant fall of 9.7% was reached after 4 min
IRL. The potentiated Pdi,tw, however, showed a significant
fall after just 2 min of IRL.* Sheel et al.* showed a signifi-
cant fall in Pdi,tw following IRL at 60% Pi.x, however, this
was not observed after breathing against 50% Pimax,° or 95%
Pimax.*°> Rohrbach et al.>' showed no decrease in Pga,tw
after IRL, although Pdi,tw and Poes,tw showed a significant
decline. Decreases in Pdi,tw ranged from significant mean
changes of 8.5% (20 min post IRL)*? to 50% (immediately
after IRL).%>3 Maximal inspiratory pressure (Pimax) declined
after IRL, except for two studies that showed no decline
immediately after loading at 80% Pimax,>* and at 25 h post
IRL at 80% Pi, .. & Decreases in Pi;ax ranged from significant
mean changes of 9.3% (20 min post IRL)* to 50% (immedi-
ately after IRL).” Fig. 2 displays the changes in outcome
measures in relation to the IRL intensity for all included
studies.

Following WBE most studies showed a significant decline
in Pdi, Poes, Pga and Pmouth twitch response (Table 2).
Two studies showed no decrease in Pga,tw immediately
after cycling at 85% and 95% VO,max, respectively,®>? and
two studies showed no decrease in Pdi,tw 20 min after
incremental treadmill exercise, and 40—60 min after
cycling at 85% VO,max, respectively.®'> Significant mean
decreases in Pdi,tw ranged from 9% to 30.6%.%¢ Most WBE
studies showed a decline in Pdi, Poes, Pga and Pmouth
pressure using a maximal voluntary inspiratory effort,
although some did not.>28:57-%8 After a marathon Chevrolet
et al.>® found a decreased Pima.x Up to 2 h after exercise
whereas this decrease could not be confirmed after four
hours, one day and 3 days.®%:%' Significant mean decreases
in Pinax following WBE ranged from 8.2%% to 28.6%%; the

latter study added a specific inspiratory warm-up proce-
dure prior to pre-WBE measurements.

Most studies showed the same decline in Pdi twitch
response following HYP (Table 3). However, the decline in
Pdi,tw after HYP may depend on the intensity of MVV,*!
mode of phrenic nerve stimulation,3? or time point post
HYP.%¢ Significant mean decreases in Pdi,tw ranged from
8.1% (immediately after HYP)?® to 28.1% (20 min post HYP).%*

Under hypoxic or hypercapnic conditions, all studies
showed a greater fall in Pdiax, Pdi,sniff or Pdi,tw post WBE
or HYP compared to control conditions (Table 4).2'726:63
Significant mean decreases in Pdi,tw ranged from 10%
(20 min post hypercapnic HYP)?® to 34% (immediately after
hypoxic HYP)?® compared to pre-loading.

When IRL was added to the WBE protocol (WBE + IRL),
all studies showed a greater fall in Pinx and Pdi,tw
compared to WBE only (Table 5).2~% Significant mean
decreases in Pdi,tw after WBE + IRL ranged from 13.5%* to
35%.%” However, only four studies using WBE + IRL were
included.

Discussion

This systematic review identified 77 studies in which IMF
was induced by IRL, WBE, HYP or WBE combined with IRL
and both under normocapnic, hypoxic or hypercapnic
conditions. Most studies defined IMF by a decrease in Pdi,
Poes, Pga or Pmouth in response of phrenic nerve stimula-
tion. The remainder of studies used the same pressure
measurements in response of a maximal voluntary inspira-
tory maneuver to detect IMF. However, the variability in the
overloading protocols, pre-post assessment tools, timing of
measurements, and interpretation of results requires
further discussion.



Table 1  Assessment of inspiratory muscle fatigue following inspiratory resistive loading (IRL).
Author + year Fatiguing protocol Measurement  Maneuver Outcome % outcome change pre versus post fatiguing protocol
Aubier et al. 19814° 80% Pimax Pdi Twitch (BAENS) Max 41.7%| (20 Hz, 2 & 60 min post), 12.3%| (100 Hz,
2 min post), 1% (100 Hz, 15 min post)
EMGdi Inspiration H/L EMGdi: >40% |
(surface)
Aubier et al. 198574 80% Pimax — 27 min Pdi Twitch (BAENS) Max 45% | (5 min post), 45%| (15 min post), 45% |
(30 min post)
T 40%1 (5 min post), 47.3%1 (15 min post), 60% 1
(30 min post)
Bellemare and 50 & 75% Pdinax — 30—45 min EMGdi Inspiration H/L )
Grassino 1982+
Bellemare and Bigland- 50 & 75% Pdi.x — 0.6 duty cycle — Pdi Twitch (BAENS) Max 25%
Ritchie 19877 12 br/min — 45 min EMGdi Inspiration RMS 25% |
Pdi Inspiration Max 50% |
Bezzi et al. 2003% 60% Pdimax, 0.5 duty cycle — 12—34 min Pdi, Poes, Pga Twitch (CMS) Max 28%| (Pdi), 14%| (Poes), 51%| (Pga)
(all 15 min post)
EEG 0%
Delpech et al. 2003°2  62% Piynax — 0.5 duty cycle — 12—15 br/min Pdi, Poes, Twitch (CMS)  Max 8.5%|, 18.2%|, 0%, 8.8%| (all 20 min post)
Pga, Pmouth
Eastwood et al. 1994'® Start at 40% Pinay, increase every 2 min Pdi Twitch (BAENS) Max 15%| (0 min post), 25%| (25 min post)
by 10% — 10—20 min
Esau et al. 1983"7 High alinear inspiratory resistance — Pdi Sniff MRR 18%| (0 min post)
12 br/min T 41%1 (0 min post)
Esau et al. 19838 High alinear inspiratory resistance — Pdi Inspiration MRR 50% |
12 br/min Pdi T 60% 1
EMGdi (oes) H/L 50% |
Gallagher et al. 1985* 70% Pinax — 0.6 duty cycle — EMGdi Inspiration H/L 42%| (70% Pimax)
12 br/min — 250 s (surface)
56% Pimax — 0.6 duty cycle — 30% ] (56% Pimax)
12 br/min — 685 s
Gonzales and Williams 70% Piax Pmouth Inspiration Max 15% |
200678
Gorman et al. 1999°*  80% Pimax (244 cmH,0 l/s) — Pmouth Inspiration Max 0%
free duty cycle & freq — 3 min
Gross et al. 1979*° 25, 50 & 75% Pdinax — 0.6 EMGdi (surface) H/L 0% | (25% Pdimax), 40% | (50% Pdinax), 58% |

duty cycle — 12 br/min — 15 min

EMGdi (oes)

(75% Pdimay)
0% (25% Pdima), 60% | (50% Pdimay), 67%|
(75% Pdimay)

(continued on next page)
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Table 1 (continued)

Author + year Fatiguing protocol

Measurement

Maneuver

Outcome % outcome change pre versus post fatiguing protocol

Guleria et al. 2002"  Incremental: start at 30% Pimax,
increase every 3 min by 10% —

16.7 min

40—50 cmH,0 Poes — 0.5
duty cycle — 3—5 min

Hershenson et al.
1989%°

Laghi et al. 1996°” 60% Pdinnax — 0.5 duty cycle —

15 br/min — 28 min

Laghi et al. 1998* 60% Pdinax — 0.5 duty cycle —
15 br/min — 2 min, 4 min & till

task failure

Luo et al. 20017° Pdimax — 0.66 duty cycle —

3 x 5 min (in between 10 min rest)

Mador and Kufel 199237 80% Poesmax

Pdi (unpot)

Pdi (pot)

Poes (Ppl)
Pabd

Pdi

Pdi (open
glottis)

Pdi, Pga, Poes

Pdi
Pdi (unpot)
Pdi (pot)

Pdi

Poes

Twitch (BAMPS) Max

Inspiration Max

Twitch (CMPS) Max
Twitch (BAEPS)

Inspiration Max
Twitch (CMPS)
Twitch (CMPS)

Twitch (BAMPS) Max

Sniffouth MRR
Sm.ffnostrils MRR
Sniffmouth T

Sm.ffnostrils T

6% | (20 min post), 9% | (40 min post), 5%
(60 min post)

28% ] (0 min post), 25%| (20 min post), 23% |
(40 min post), 20%| (60 min post)

20%)
0%
16%
0%

Pdi: CMPS: 37.3%| (10 min post), 37.3%| (30 min post),
32.5%| (60 min post)

Pdi: BAEMPS: 41.2% | (10 min post), 38.8%] (30 min post),
35.7%] (60 min post)

Pga: CMPS: 33.1%| (10 min post), 38%] (30 min post),
31.5%| (60 min post)

Pga: BAEMPS: 33.8%| (10 min post), 32.6% | (30 min
post), 29.5%| (60 min post)

Poes: CMPS: 39.2%| (10 min post), 36.8% | (30 min post),
32.5%| (60 min post)

Poes: BAEMPS: 45%| (10 min post), 45.5%| (30 min post),
39.1%| (60 min post)

Pdimax — 2 min IRL: 17% | (0 min post), 9.3%| (20 min post)
Pdimax — 4 min IRL: 19.6% | (0 min post), 9.3%| (20 min post)
Pdiax — till task failure IRL: 21.2%|, 11.9%| (20 min
post), 11.4%| (20 h post)

Pdi,tw (unpot) — 2 min IRL: 0%

Pdi,tw (unpot) — 4 min IRL: 9.7%] (0 min post)

Pdi,tw (unpot) — till task failure IRL: 15.3%| (0 min post),
15%| (20hours post)

Pdi,tw (pot) — 2 min IRL: 11%| (0O min post), 17.4% |

(20 min post)

Pdi,tw (pot) — 4 min IRL: 20.4%| (0 min post), 23.2%|
(20 min post)

Pdi,tw (pot) — till task failure IRL: 26.1% | (O min post),
29.8%| (20 min post), 11%] (20 h post)

20%| (0 min post)

14%|
15% |
17%|
17%]

9¢€

‘e 19 suassuer



McKenzie et al. 1992°

Moxham et al. 1981%°
Moxham et al. 19824

Petitjean et al. 1996°3

Rohrbach et al. 2003

Sheel et al. 2001%°

Sheel et al. 2002°°
Similowski et al. 1998""
Supinski et al. 1987%°
Suzuki et al. 19967
Travaline et al. 19978

Ward et al. 1988

Yan et al. 1993°

50% Pimax — 0.6 duty cycle —
40—45 min
70% Pinax — 10—20 min

80% Pdimax — 3 x 10—20 min

60% Pdinax — 0.6 duty cycle —
max 50 min

67% Pimax — 9.1 min — 18 br/min
67% Pinax — 8.4 min — 18 br/min
67% Pinax — 9.1 min + 8.4 min —
18 br/min

60% Pinax — 0.7 duty cycle —

6.5 min — 15 br/min

60% Pinax — 0.4 duty cycle — 8 min —
20 br/min

95% Pimax — 0.35 duty cycle — 3 min —
12 br/min

(30, 40,) 50 & 60% Pinax — 0.4 duty
cycle — 8 min — 20 br/min

60% Pdimax — 18—43 min

60 & 90% Pinax — 0.4 duty cycle —
15 br/min

60% Pimax — 0.5 duty cycle

80% Pdimax — 25 min

65% Pdinax, 60% Poesmax — 0.4 duty
cycle — 18 br/min

50% Pdimax, 60% Poesynax — 0.4
duty cycle — 18 br/min

50% Pdimax, 20% Poesynax — 0.4
duty cycle — 18 br/min

80% Pimax — 0.6 duty cycle
— 10—20 min

Pdi

Pdi
Pdi

EMG
Pdi

PMG

Pdi, Pga,
Poes

Pmouth

Pmouth

Pdi

Pdi
Pmouth

Pdi

EMGdi

Pdi
Pmouth

Twitch (BAEPS)

Twitch (CEPS)
Twitch (CEPS)

mvC

Twitch (CEPS)

Twitch (CMPS)

Twitch (BAEPS)

Twitch (BAEPS)
Twitch (CEPS)

Twitch (CMPS)

Inspiration

Inspiration

Twitch (CEPS)
Inspiration

Twitch (BAEPS)
Inspiration

Max

Max

Max

H/L

Max

Max

Max

Max

Max

Max

Max

Max

Max

Max
Max

33%|

30%|

36%| (10 min post), 30%| (20 min post), 30% |
(30 min post)
14%1 (10 min post), 16%1 (20 min post), 10%1
(30 min post)

50% |
48% |

21.8%| (Pdi), 10%| (Pab), 21.8% (Poes)
15.3% | (Pdi), 10%| (Pab), 13% (Poes)
29.3%| (Pdi), 10%| (Pab), 28% (Poes)

43.5% |
30.2%

0%

3% & 30%.|

39%| (CEPS)
26% | (CMPS)

11%] (60% Pimax), 11.5% | (90% Pirmay)

12%]
12%]

50%|, 28%| (3 h post), 0%| (25 h post)
25%|, 13%] (3 h post), 0% | (25 h post)

54.2% | (0 min post)
40.8% | (0 min post)

36.9%| (0 min post)

33.9%
25.8%|

Significant changes pre versus post fatiguing protocol are marked in bold (p < 0.05).
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Table 2 Assessment of inspiratory muscle fatigue following whole body exercise (WBE).

Author + year Fatiguing protocol Measurement Maneuver Outcome % change pre versus post fatiguing protocol
Babcock et al. 1995%° Treadmill/Bicycle — 86—93% Pdi Twitch (BAEPS) Max 26% | (0 min post)
VO;max — 13.2 min
Babcock et al. 1996%3 Treadmill/Bicycle — 88—92% Pdi Twitch (BAEPS) Max 23.1%| (0 min post)
VOymax — 15.2 min
Babcock et al. 1998%* Treadmill/Bicycle — 93.3% Pdi Twitch (BAEPS) Max 23.4%| (0 min post)
VOymax — 9.9 min
Brown and Kilding 201162 100 m, 200m & 400m Pmouth Inspiration Max 8.2%| (100m), 5% | (200m), 4.9% | (400m)
front-crawl swim
Bye et al. 1984* Bicycle — 80% VOymax Pdi Inspiration Max 13%| (0 min post)
EMGdi Inspiration H/L 20%| (0 min post)
Chevrolet et al. 1993%° Marathon — 190 min Pmouth Inspiration Max 27%| (18 min post), 21%| (84 min post),
16% ] (118 min post)
Delpech et al. 2003°2 Bicycle — 85% VOymax Pdi, Poes, Pga, Twitch (CMS) Max 13.1%|, 8.7% ), 0%, 9.2%| (all 20 min post)
Pmouth
Gonzales and Williams 201072 Bicycle — 80% VOzmax Pmouth Inspiration Max 12%|
Guenette et al. 2010 Bicycle — 90% VOzmax Pdi Twitch (CMS) Max Male: 30.6% | (10 min post), 20.7%| (30 min
post), 13.3%] (60 min post)
Female: 21%| (10 min post), 11.6%| (30 min
post), 9.7%| (60 min post)
Hill et al. 199187 Triathlon Pmouth Inspiration Max 0% (post swim), 26% | (post cycle), 25% |
(post run)
Jakovljevic and McConnell 2009% 2 x 200 m front-crawl swim Pmouth Inspiration Max 11%] & 21%|
(90% of race pace) —
breath every 2nd & 4th stroke
Johnson et al. 1993° Bicycle — 85 VO,max — 14 min Pdi, Poes, Pga Twitch (BAEPS) Max 17.8%| (Pdi), 17.6% | (Poes), 14.8%| (Pga)
(all 0 min post)
Pdi, Poes, Pga Inspiration 0%| (Pdi), 0%] (Poes), 0%] (Pga) (all 0 min post)
Bicycle — 95% VOymax — 14 min  Pdi, Poes, Pga Twitch (BAEPS) 13.7%] (Pdi), 17%| (Poes), 7% (Pga) (all 0 min
post)
Pdi, Poes, Pga Inspiration 10.5% | (Pdi), 0% (Poes), 0%/ (Pga) (all 0 min
post)
Kabitz et al. 2008* Bicycle — 85% VOzmax Pdi Twitch (BAMPS)  Max 15% (6 min post)
Kabitz et al. 2008** Bicycle — 85% VOzmax Pdi (pot) Twitch (BAMPS)  Max 21.9%1 (1.5 min post), 8.9%| (3 min post), 8.4%|
(4.5 min post), 8% | (6 min post)
Kabitz et al. 2008* Bicycle — 85% VOzmax Pdi (pot) Twitch (BAMPS) Max 14.2% | (6 min post)
Kabitz et al. 20107 Bicycle — 85% VOymax — Pdi (pot) Twitch (BAMPS) Max 28% |
45 min + endspurt
Ker and Schultz 1996%° Ultra-marathon (87 km) Pmouth Inspiration Max 0% (3 days post)
Loke et al. 198288 Marathon Bicycle — 85% Pmouth, Pdi Inspiration Max 16%| (Pmouth), 19.7%] (Pdi)

VoZmax
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Lomax and McConnell 200353
Lomax and Castle 201178
Mador and Dahuja 199673
McConnell et al. 19978
Nava et al. 1992°7

Ozkaplan et al. 2005

Perlovitch et al. 200747

Perret et al. 19998
Romer et al. 2004°2
Ross et al. 2008°"
Tomczak et al. 20113°
Verin et al. 2004

Vogiatzis et al. 2006°°

200 m front-crawl swim
(90—95% of race pace)
200 m front-crawl swim
(85% of race pace)
Bicycle — 70—75%
VOZmax

Run — incremental
multistage shuttle run
Run — 17 km

Bicycle — incremental
Treadmill — 2 km, 8 km/u

Bicycle — 85% VOymax

Bicycle — 65% VOymax 40 min +

30 min time trial
(pedaling-rate-dependent
mode)

Marathon

Bicycle — 45% VOpmax +
chest wall restriction

Treadmill — incremental —
18 min

Bicycle — 85% VOomax —
5 min

Pmouth

Pmouth

Pdi

Pmouth

Pmouth
Pmouth

EMGmm.intercost.

ext. (surface)
Pmouth
Pmouth

Pmouth

Pdi (unpot)
Pdi (pot)

Pdi
MEP-CMAP

Pdi

Inspiration
Inspiration
Twitch (BAEPS)
Inspiration
Inspiration
Inspiration

Inspiration
Inspiration

Inspiration

Inspiration

Twitch (CMPS)

Twitch (BAMPS)

Twitch (TMS)
Twitch (CMS)

Max
Max
Max
Max
Max
Max

Slope RMS

Max

Max

Max

Max

Max

Max

28.6%|

0%

19%| (10 min post)
10.5% ]

0% | (0 min post), 0%| (30 min post)
17%| (male), 22%| (female)
34%1

0%

20%| (< 2 min post), 12.5%| (30 min post, cool),
11.9% | (30 min post, heat), 7.5%| (60 min post,
cool), 10% | (60 min post, heat)

15%| (0 min post), 6% (4 h post), 5%1 (24 hours
post)

20.2%| (Pdi unpot)
23.3%| (Pdi pot)

0% (20 min post)
40% | (5 min post), 55%| (20 min post)

9% | (10 min post), 5% | (20 min post), 3%
(40 min post), 0%| (60 min post)

Significant changes pre versus post fatiguing protocol are marked in bold (p < 0.05).
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Table 3  Assessment of inspiratory muscle fatigue following hyperpnea (HYP).
Author + year Fatiguing protocol Measurement Maneuver Outcome % change pre versus post fatiguing protocol
Bai et al. 1984*' 76, 79, 86, 100% MVV Pmouth Inspiration Max 22% ] (0 min post, 76% MVV); 21%| (0 min post, 79% MVV); 11%|
(isocapnic) (0 min post, 86% MVV)
Pdi Twitch (BAENS) Max In accordance to Pdimax
Pdi Inspiration Max 10%| (0 min post, 76% MVV); 27%| (0 min post, 79% MVV); 11%|
(0 min post, 86% MVV)
EMGdi H/L 60% | (within 2 min, 76, 79, 86, 100% MVV)
Coast et al. 19998 MVV (isocapnic) Pmouth Inspiration Max 15% | (0 min post)
Kabitz et al. 20083 MVV (isocapnic) Pdi (pot) Twitch (BPNS) Max 28%1 (1.5 min post), 10%| (3 min post), 8% | (4.5 min post), 10% |
(6 min post)
Kyroussis et al. 1994°®  MVV (isocapnic) Pnasal Sniff MRR 28.5%| (Pnasal)
Poes 27.4% | (Poes)
Luo et al. 20017° MVV (isocapnic) — 2 min  Pdi Twitch (BAMPS) Max 22%] (0 min post)
Sniff 8.6%| (0 min post)
Mador et al. 200232 60% MVV (isocapnic) Pdi Twitch (TES) Max 25%| (10 min post), 12%| (30 min post), 12%| (60 min post)
Twitch (CMPS) 15% ] (10 min post), 14%| (30 min post), 6% | (60 min post)
Twitch (BAMPS) 23%| (10 min post), 22%| (30 min post), 6% ] (60 min post)
Mulvey et al. 1991%°  MVV (isocapnic) — 2 min  Poes Sniff Max !
Polkey et al. 1997%* MVV (isocapnic) — 20 min  Pdi Twitch (single CMPS)  Max 17.9%| (20 min post), 14.6%| (60 min post)
Twitch (paired CMPS) 28.1%/| (20 min post), 22.9%| (60 min post)
Rafferty et al. 19992  MVV (isocapnic) — 2 min  Pdi Twitch (CMPS) Max 8.1%| (0 min post), 11.2%| (20 min post), 10%| (40 min post),
12%| (60 min post), 5% (90 min post)
Renggli et al. 2008 70% MVV (isocapnic) — Pdi Twitch (CMPS) Max 25%| (0 min post), 15%| (30 min post), 10%| (60 min post)
25.3 min — alternately
8 min task & 6 min rest
Verges et al. 2010?° 85% MVV (isocapnic) Pdi Twitch (CMPS) Max 22%| (0 min post), 10%| (30 min post)

Significant changes pre versus post fatiguing protocol are marked in bold (p < 0.05).
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Loading protocol

Sheel et al.*’ identified a >30% decline in Pmouth,tw after
IRL at 60% Pinax, but no evidence of IMF was found after
breathing at 95% Pimax ' or at 80% Pimax* after 3 min of IRL.
McConnell & Griffiths®® have recently shown that the
amount of inspiratory muscle work undertaken during
pressure threshold IRL is reduced at loading intensities
above 60% Pinax. This paradoxical finding is explained by
the interplay of the threshold load with the pressur-
e—volume relationship of the inspiratory muscles. Both
total inspiratory muscle work and the amount of work per
breath, were maximized at 60% Pi,ax, declining at lower
and higher loads.®® Our analysis also confirmed a lower
threshold of intensity for provoking IMF, such that IRL at
25% Pimax™> and 50% Pimax-" failed to elicit significant IMF.
This pattern, that both very low, and very high intensity
IRL, do not produce IMF at the point of task failure, seems
consistent with our observation summarizing all studies
using IRL (Fig. 2). Besides the intensity, the length of the
IRL protocol also appears to influence the ability to detect
IMF. Laghi et al. showed a decline in Pdi,tw after 2 min of
IRL, at the intensity of 60% Pinhax., Which became larger
when the length of IRL increased to 4 min, 28 min and up to
task failure.*” 8 Based on our findings, we suggest IMF can
be induced by IRL to task failure at an intensity of 60—80%
of Pimax OF Pdimax.

Cycling exercise at 85% VO,max has been utilized most
often to examine possible effects of WBE upon IMF. The
mean exercise intensity of all studies was 85% + 7% VO, max,
which shows a low range of different intensities over all
WBE protocols. This is most likely because studies have
based their methods on the early study of Johnson et al.’
who reported that 85% of VO,max Was the threshold for
inducing IMF during cycling. Their data suggested that
cycling at a higher intensity (95% VO,nax) does not produce
greater fatigue, which may be explained by the shorter test
duration resulting in a lower total inspiratory muscle work.’
This suggests that for both during IRL and WBE there is
a specific range of intensities that are associated with
induction of IMF.>®® One study failed to detect IMF after
swimming time trails over 200 m and 400 m.®% Brown and
Kilding®? attribute this to the lack of a specific inspiratory
warm-up procedure, which may lead to under-estimation of
pre-exercise Pimax.%® The warm-up typically increases Pimay,
thereby preventing the masking of fatigue by a sub-
maximal baseline Pin.y.®> Based on these findings, we
suggest IMF can be induced by WBE by cycling at 85% of
VO;max, and that preceding baseline measurements with
a specific inspiratory warm-up will maximize the magnitude
of IMF; thereby enhancing the sensitivity of the
measurement.

Hypoxia2'?%242 and hypercapnia®%¢ during WBE or HYP
appear to exacerbate diaphragmatic fatigue, compared to
normocapnic conditions. At similar intensities of WBE,
hypoxia or hypercapnia may increase diaphragm fatigue
because of increased minute ventilation and therefore work
of breathing. One study found that hypercapnia does not
intensify long lasting fatigue, but may reduce inspiratory
muscle function immediately after a MVV.2¢ Based on these
findings, we suggest IRL, WBE and HYP be undertaken under

(40 min post), 11%| (60 min post), 5% | (90 min post)

34%| (0 min post), 16% | (30 min post)
26%| (0 min post), 21%| (30 min post)

15% ] (0 min post), 10%| (20 min post), 11%|
26.9%| (13% 0,), 27.4% | (17% O;)

% change pre versus post fatiguing protocol
22%| (0 min post), 10.5%| (90 min post)

9.6%| (0 min post)
27% ] (10 min post), 8%| (60 min post)

27%| (10 min post), 6% | (60 min post)
7.6%| (10 & 30 min post)

Outcome
Max

Max

Ma

Ma

Max

Max

Inspiration

Twitch (BAEPS)
Sniff

Twitch (CMPS)
Twitch (CMPS)
Twitch (CMPS)
Twitch (CMPS)
Twitch (TMPS)
Twitch (BAMPS)

Maneuver

Measurement
Pdi

Pdi

Pmouth

Pdi

Pdi

Pga

Pdi

WBE (100% VO;max) + hypoxia
(high altitude) — 10 min

WBE (60% VOzmax) +
HYP (MVV) + hypercapnea

(8% COz) — 2—14 min
hypoxia (13% & 17%

HYP (85% MVV) +
hypoxia (15% O,)
WBE (85% VOymax) +
0;) — 5 min

WBE (85% VO,max) + hypoxia
hypoventilation) — 16 min

(15% O;) — 15.8 min
hypercapnea (voluntary

Fatiguing protocol

et al. 2001%2

Table 4 Assessment of inspiratory muscle fatigue following whole body exercise (WBE) or hyperpnea (HYP) under changed O, or CO, fractions (+hypoxia, +hypercapnea).
Jonville et al. 20027

Significant changes pre versus post fatiguing protocol are marked in bold (p < 0.05).

Author + year
Babcock et al. 1995%'
Gudjonsdottir
Rafferty et al. 1999%¢
Verges et al. 2010?°
Vogiatzis et al. 2007%*
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Table 5
loading (WBE + IRL).

Assessment of inspiratory muscle fatigue following a combination of whole body exercise and inspiratory resistive

Author + year Fatiguing protocol

Measurement

Maneuver Outcome % change pre versus post

fatiguing protocol

Levine and WBE (incremental treadmill) + Pdi Twitch (BAEPS) Max 35%|
Henson 1988%”  IRL (38 cmH,0 ="' s ) MRR 34%)
T 22%
Lomax and WBE (swim) + IRL (70% Pimax, Pmouth Inspiration Max 17%]
Castle 20112 0.6 duty cycle — 12 br/min)
Sliwiniski WBE (30, 60, 90% VOzmax) + Pdi Twitch Max 16% |
et al. 1996%° IRL (80% Pimax) — 4 min Pmouth Inspiration 24%
Verges WBE (85% VO,max) + IRL (80% Pdi, Pga, Poes Twitch (CMPS) Max 13.5% | (Pdi), 16.4%]
et al. 2006°° Pimax) — 11.5 min + 20 min (Pga), 17.3% (Poes)

Significant changes pre versus post fatiguing protocol are marked in bold (p < 0.05).

hypoxic or hypercapnic conditions to exacerbate IMF,
provided this is appropriate to the research question, or
clinical situation under investigation.

Pre-post measurement techniques

The majority of studies measured twitch trans-
diaphragmatic pressure in response to supramaximal
phrenic nerve stimulation (Pdi,tw) for assessing diaphrag-
matic fatigue. In contrast to maximum voluntary contrac-
tions (Pimax or Psniff), this technique reveals specific
contractile fatigue of the diaphragm. The technique elim-
inates the contribution of the accessory muscles, and of the
central nervous system, and thus motivation, in the
assessment of IMF." However, the technique also excludes
1) the contribution of accessory muscles to global IMF, and
2) the physiological effects of supraspinal and spinal
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Figure 2 Changes in outcome (%) after inspiratory resistive

loading (IRL) compared to pre IRL for all included studies in
relation to IRL intensity (% Pimax). Black squares show the mean
changes in (transdiaphragmatic, oesophageal, gastric and
mouth) pressure following twitch stimulation; Gray triangles
show the changes in (transdiaphragmatic, oesophageal, gastric
and mouth) pressure following maximal voluntary inspiratory
maneuver; White circles show the changes in (surface or deep)
diaphragmatic electromyographic response.

components of fatigue upon muscle force production.
Furthermore, the gastro-oesphageal catheter and the
electrical stimulation are uncomfortable. Accordingly,
some researchers have proposed to use mouth pressure
following phrenic nerve stimulation as an index for inspi-
ratory muscle contractility, which reduces the discomfort
of the catheters, but still overlooks central
fatigue.234%%0:52  Whilst some authors have proposed
Pmouth,tw as a promising tool to assess IMF,”® others
discourage its use because it may result in less reliable
prediction of Pdi,tw and Poes,tw.%® Because of the limited
number of studies using Pmouth,tw in the assessment of
IMF, further investigation is warranted to evaluate this
method fully. Over the past decade, electrical stimulation
of the phrenic nerves was replaced by magnetic stimulation
since this also reduces discomfort. Some differences have
been found between the two stimulation modes.3%¢”""" For
example, the absolute Pdi,tw obtained at baseline is larger
during magnetic compared with electrical stim-
ulation.3267-71=73 Following IRL Similowski et al.”' found
that Pdi,tw fell more using electrical stimulation,
compared to magnetic, although Laghi et al.®” found
a similar sized decrease. In addition, bilateral anterior
magnetic stimulation elicited larger Pdi,tw declines
compared to cervical magnetic stimulation.®? Although
Pdi,tw is regarded as the most objective method for
assessing contractile fatigue of the diaphragm, small
sample sizes are typical, due to the invasive nature of the
experimental protocol.3®>#747> Based on these findings,
contractile fatigue of the diaphragm can be assessed
objectively using transdiaphragmatic pressure measure-
ment following bilateral anterior magnetic phrenic nerve
stimulation.

Some studies measured a potentiated instead of unpo-
tentiated twitch response, since twitch amplitude is
sensitive to the preceding contraction history.*1%-33736
During a fatiguing protocol, the consecutive maximal
voluntary contractions result in a marked increase in twitch
amplitude, which is called twitch potentiation.3”>7¢:8° This
is similar to the effect observed with successive measure-
ments of Pimay.?® Therefore, some researchers maximally
potentiate the twitch by a preceding maximal voluntary
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inspiration and use changes in the amplitude of the
potentiated twitch as their index of IMF.”” After a fatiguing
protocol the fall in potentiated twitch was larger than the
unpotentiated twitch response, which suggests that the
potentiated twitch might be a more sensitive method to
evaluate IMF.*'%-3¢ This is consistent with observations in
other skeletal muscles, e.g., quadriceps, in which fatigue
was more pronounced when examined using potentiated
twitches compared to unpotentiated twitches.”” Based on
these findings, we recommend the use of potentiated
twitch responses in the assessment of IMF, due to the
greater sensitivity of this method.

Besides phrenic nerve stimulation, Pdi, Poes, Pga and
Pmouth pressure measured during maximal voluntary inspi-
ratory efforts can also provide a meaningful measure to
identify IMF. Whilst this less invasive method is vulnerable to
the effects of subject’s motivation and muscular coordina-
tion,™ it has the advantage of revealing the neural contri-
bution to IMF. While Bai et al.*' showed similar falls in
voluntary Pdi (Pdiax) and stimulated twitch Pdi (Pdi,tw),
other studies showed a larger fall in Pdiax than Pdi,tw,
which suggests a contribution of central fatigue to Pdimax.” >
However, other studies have shown the reverse.*® The
response of a maximal voluntary inspiratory effort is a widely
used assessment tool for IMF since it is a non-invasive and
easy applicable method that provides an index of IMF.
However, the potential for overestimation of IMF magnitude
owing to the subject’s motivation cannot be excluded.

Some older studies utilized frequency domain analysis of
the EMG signal from the inspiratory muscles to detect the
presence of IMF. Most often a ratio of the EMG power
contained between the high-frequency band and the low-
frequency one (H/L) is used to quantify IMF. The ratio
decreases with IMF since the EMG power spectrum shifts to
a lower frequency during fatigue. However, the etiology of
power spectral shifts following fatigue is still controver-
sial.3” Therefore, the assessment of IMF using EMG is not
considered to be a reliable method to identify IMF.

Presence of inspiratory muscle fatigue

Nearly all studies showed significant changes in indices of
inspiratory muscle function, after WBE, IRL, HYP,
WBR + IRL, as well as when these overloading stimuli are
delivered under hypoxic and hypercapnic conditions. When
different forms of inspiratory muscle work are compared,
no differences in the magnitude of the fall in Pdi,tw were
found after IRL compared to WBE,>>7® or after IRL
compared to HYP.”® Thus, IMF appears to be independent of
the activity mode used to increase inspiratory muscle work.

Most studies conclude that IMF was present using
a decline in the pressure generating capacity in the inspi-
ratory muscles. However, the decrement in inspiratory
muscle function varied widely between studies, ranging
from 5% to 67%. Some studies used a critical threshold of
15% for the decline in function to be classified as fatigue,>?
but some have used 10%,”>7° whilst others have defined
fatigue as a statistically significant mean fall from baseline,
rather than using a minimum threshold.?®¢38%81 |t is
reasonable to suggest that any significant fall from baseline
is indicative of a decline in inspiratory muscle function.

However, the functional significance of such a decline, and
its magnitude, is dependent upon the research question
under examination.

Conclusion

The qualitative analysis of this systematic review suggests
that IMF is present after IRL, WBE and HYP. Specific IRL at
intensities of 60—80% of Pipayx Or Pdiax appear to maximize
the change in outcome measures of inspiratory muscle
function, and thus IMF. Similarly, cycling at 85% of VO,mayx to
the limit of tolerance was found to produce IMF, whereas
the overloading characteristics for running and swimming
require further exploration. Furthermore, hypoxic or
hypercapnic conditions, and WBE combined with IRL appear
to exacerbate IMF. In addition, a specific bout of inspiratory
“warm-up” is indicated,®’ since this creates narrower limits
of agreement for the outcome measure,® as well as
maximizes the magnitude of IMF. Similarly, the use of
potentiated twitch pressures is recommended.”’

Following overloading of the inspiratory muscles, the
measurement of transdiaphragmatic pressure in response
to phrenic nerve stimulation (Pdi,tw) provides the most
objective method of evaluating contractile fatigue of the
diaphragm. This measurement eliminates the influence of
motivation,'™ but overlooks the contribution of neural
fatigue mechanisms. Subsequent to the overloading,
a statistically significant fall in an outcome measure
compared to baseline, is indicative of a decline in inspira-
tory muscle function. However, it is arguable whether
a minimum percentage change is required in order for this
to be considered indicative of IMF. The use of a minimum
threshold based on the inherent reliability of the outcome
measure (e.g. minimum change of 10% or 15%) may be
appropriate, but this is ultimately dependent upon the
research question being addressed. The functional signifi-
cance of changes in inspiratory muscle function remains an
area for further research. Functional repercussions of IMF
include changes in breathing effort, breathing pattern,
limb blood flow and exercise tolerance. '
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Appendix 1

Search strategy: ((("Diaphragm”[Mesh] AND "muscle
fatigue"[Mesh]) OR ("Diaphragm”[Mesh] AND "Muscle
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Weakness'[Mesh]) OR ("Diaphragm”[Mesh] AND "fati-
gue”[Mesh])) OR (("respiratory muscles"[Mesh] AND
"muscle fatigue'[Mesh]) OR ("respiratory muscles’[Mesh]
AND "Muscle Weakness'[Mesh]) OR ("respiratory
muscles’[Mesh] AND “fatigue”[Mesh])) OR ((‘respira-
tion"[Mesh] AND "muscle fatigue”[Mesh]) OR ("respira-
tion"[Mesh] AND "Muscle Weakness'[Mesh]) OR
("respiration”[Mesh] AND "fatigue"[Mesh]))) AND ("dia-
phragmatic"[All Fields] OR "diaphragm"[All Fields] OR
"diaphragms"[All Fields] OR "respiratory"[All Fields]) AND
fatigue[All Fields]

Limits:

Species: humans

Language: English, French, German, Dutch

References

10.

11.

12.

13.

14.

15.

16.

. Poole DC, Sexton WL, Farkas GA, Powers SK, Reid MB. Dia-

phragm structure and function in health and disease. Med Sci
Sports Exerc 1997;29:738—54.

. Gandevia SC. Spinal and supraspinal factors in human muscle

fatigue. Physiol Rev 2001;81:1725—89.

. NHLBI Workshop Summary. Respiratory muscle fatigue. Report

of the respiratory muscle fatigue workshop group. Am Rev
Respir Dis 1990;142:474—80.

. Laghi F, Topeli A, Tobin MJ. Does resistive loading decrease

diaphragmatic contractility before task failure? J Appl Physiol
1998;85:1103—12.

. Johnson BD, Babcock MA, Suman OE, Dempsey JA. Exercise-

induced diaphragmatic fatigue in healthy humans. J Physiol
1993;460:385—405.

. McKenzie DK, Bigland-Ritchie B, Gorman RB, Gandevia SC.

Central and peripheral fatigue of human diaphragm and limb
muscles assessed by twitch interpolation. J Physiol 1992;454:
643—56.

. Bellemare F, Bigland-Ritchie B. Central components of dia-

phragmatic fatigue assessed by phrenic nerve stimulation. J
Appl Physiol 1987;62:1307—16.

. Travaline JM, Sudarshan S, Criner GJ. Recovery of PdiTwitch

following the induction of diaphragm fatigue in normal
subjects. Am J Respir Crit Care Med 1997;156:1562—6.

. Yan S, Lichros I, Zakynthinos S, Macklem PT. Effect of dia-

phragmatic fatigue on control of respiratory muscles and
ventilation during CO, rebreathing. J Appl Physiol 1993;75:
1364—70.

Roussos CS, Macklem PT. Diaphragmatic fatigue in man. J Appl
Physiol 1977;43:189—97.

Klimathianaki M, Vaporidi K, Georgopoulos D. Respiratory
muscle dysfunction in COPD: from muscles to cell. Curr Drug
Targets 2011;12:478—88.

Hardiman O. Management of respiratory symptoms in ALS. J
Neurol 2011;258:359—65.

Romer LM, Polkey MI. Exercise-induced respiratory muscle
fatigue: implications for performance. J Appl Physiol 2008;
104:879—-88.

ATS/ERS statement on respiratory muscle testing. Am J Respir
Crit Care Med 2002;166:518—624.

von Elm E, Altman DG, Egger M, Pocock SJ, Gatzsche PC,
Vandenbroucke JP, STROBE Initiative. The strengthening the
reporting of observational studies in epidemiology (STROBE)
statement: guidelines for reporting observational studies.
Lancet 2007;370:1453—7.

Eastwood PR, Hillman DR, Finucane KE. Ventilatory responses
to inspiratory threshold loading and role of muscle fatigue in
task failure. J Appl Physiol 1994;76:185—95.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Esau SA, Bellemare F, Grassino A, Permutt S, Roussos C,
Pardy RL. Changes in relaxation rate with diaphragmatic
fatigue in humans. J Appl Physiol 1983;54:1353—60.

Esau SA, Bye PT, Pardy RL. Changes in rate of relaxation of
sniffs with diaphragmatic fatigue in humans. J Appl Physiol
1983;55:731-5.

Guleria R, Lyall R, Hart N, Harris ML, Hamnegard CH, Green M,
Moxham J, Polkey MI. Central fatigue of the diaphragm and
quadriceps during incremental loading. Lung 2002;180:1—13.
Hershenson MB, Kikuchi Y, Tzelepis GE, McCool FD. Preferential
fatigue of the rib cage muscles during inspiratory resistive
loaded ventilation. J Appl Physiol 1989;66:750—4.

Babcock MA, Johnson BD, Pegelow DF, Suman OE, Griffin D,
Dempsey JA. Hypoxic effects on exercise-induced diaphrag-
matic fatigue in normal healthy humans. J Appl Physiol 1995;
78:82-92.

Gudjonsdottir M, Appendini L, Baderna P, Purro A, Patessio A,
Vilianis G, Pastorelli M, Sigurdsson SB, Donner CF. Diaphragm
fatigue during exercise at high altitude: the role of hypoxia and
workload. Eur Respir J 2001;17:674—80.

Jonville S, Delpech N, Denjean A. Contribution of respiratory
acidosis to diaphragmatic fatigue at exercise. Eur Respir J
2002;19:1079—86.

Vogiatzis |, Georgiadou O, Koskolou M, Athanasopoulos D,
Kostikas K, Golemati S, Wagner H, Roussos C, Wagner PD,
Zakynthinos S. Effects of hypoxia on diaphragmatic fatigue in
highly trained athletes. J Physiol 2007;581:299—308.

Verges S, Bachasson D, Wuyam B. Effect of acute hypoxia on
respiratory muscle fatigue in healthy humans. Respir Res 2010;
11:109.

Rafferty GF, Lou Harris M, Polkey MI, Greenough A, Moxham J.
Effect of hypercapnia on maximal voluntary ventilation and
diaphragm fatigue in normal humans. Am J Respir Crit Care
Med 1999;160:1567—71.

Levine S, Henson D. Low-frequency diaphragmatic fatigue in
spontaneously breathing humans. J Appl Physiol 1988;64:
672—-80.

Lomax M, Castle S. Inspiratory muscle fatigue significantly
affects breathing frequency, stroke rate, and stroke length
during 200-m front-crawl swimming. J Strength Cond Res 2011;
25:2691-5.

Sliwinski P, Yan S, Gauthier AP, Macklem PT. Influence of global
inspiratory muscle fatigue on breathing during exercise. J Appl
Physiol 1996;80:1270—8.

Verges S, Notter D, Spengler CM. Influence of diaphragm and
rib cage muscle fatigue on breathing during endurance exer-
cise. Respir Physiol Neurobiol 2006;154:431—42.

Verin E, Ross E, Demoule A, Hopkinson N, Nickol A, Fauroux B,
Moxham J, Similowski T, Polkey MI. Effects of exhaustive
incremental treadmill exercise on diaphragm and quadriceps
motor potentials evoked by transcranial magnetic stimulation.
J Appl Physiol 2004;96:253—9.

Mador MJ, Khan S, Kufel TJ. Bilateral anterolateral magnetic
stimulation of the phrenic nerves can detect diaphragmatic
fatigue. Chest 2002;121:452—8.

Kabitz HJ, Walker D, Sonntag F, Walterspacher S,
Kirchberger A, Burgardt V, Roecker K, Windisch W. Post-exer-
cise diaphragm shielding: a novel approach to exercise-
induced diaphragmatic fatigue. Respir Physiol Neurobiol
2008;162:230—7.

Kabitz HJ, Walker D, Walterspacher S, Sonntag F, Schwoerer A,
Roecker K, Windisch W. Independence of exercise-induced
diaphragmatic fatigue from ventilatory demands. Respir
Physiol Neurobiol 2008;161:101—7.

Kabitz HJ, Walker D, Prettin S, Walterspacher S, Sonntag F,
Dreher M, Windisch W. Non-invasive ventilation applied for
recovery from exercise-induced diaphragmatic fatigue. Open
Respir Med J 2008;2:16—21.



The assessment of inspiratory muscle fatigue

345

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tomczak SE, Guenette JA, Reid WD, McKenzie DC, Sheel AW.
Diaphragm fatigue after submaximal exercise with chest wall
restriction. Med Sci Sports Exerc 2011;43:416—24.

Mador MJ, Kufel TJ. Effect of inspiratory muscle fatigue on
inspiratory muscle relaxation rates in healthy subjects. Chest
1992;102:1767-73.

Kyroussis D, Mills G, Hamnegard CH, Wragg S, Road J, Green M,
Moxham J. Inspiratory muscle relaxation rate assessed from
sniff nasal pressure. Thorax 1994;49:1127—-33.

Mulvey DA, Koulouris NG, Elliott MW, Laroche CM, Moxham J,
Green M. Inspiratory muscle relaxation rate after voluntary
maximal isocapnic ventilation in humans. J Appl Physiol 1991;
70:2173-80.

Aubier M, Farkas G, De Troyer A, Mozes R, Roussos C. Detection
of diaphragmatic fatigue in man by phrenic stimulation. J Appl
Physiol 1981;50:538—44.

Bai TR, Rabinovitch BJ, Pardy RL. Near-maximal voluntary
hyperpnea and ventilatory muscle function. J Appl Physiol
1984;57:1742—-8.

Bye PT, Esau SA, Walley KR, Macklem PT, Pardy RL. Ventilatory
muscles during exercise in air and oxygen in normal men. J
Appl Physiol 1984;56:464—71.

Bellemare F, Grassino A. Evaluation of human diaphragm
fatigue. J Appl Physiol 1982;53:1196—206.

Gallagher CG, Hof VI, Younes M. Effect of inspiratory muscle
fatigue on breathing pattern. J Appl Physiol 1985;59:1152—8.
Gross D, Grassino A, Ross WR, Macklem PT. Electromyogram
pattern of diaphragmatic fatigue. J Appl Physiol 1979;46:1—7.
Moxham J, Edwards RH, Aubier M, De Troyer A, Farkas G,
Macklem PT, Roussos C. Changes in EMG power spectrum (high-
to-low ratio) with force fatigue in humans. J Appl Physiol 1982;
53:1094-9.

Perlovitch R, Gefen A, Elad D, Ratnovsky A, Kramer MR,
Halpern P. Inspiratory muscles experience fatigue faster than
the calf muscles during treadmill marching. Respir Physiol
Neurobiol 2007;156:61—8.

Ward ME, Eidelman D, Stubbing DG, Bellemare F, Macklem PT.
Respiratory sensation and pattern of respiratory muscle activa-
tion during diaphragm fatigue. J Appl Physiol 1988;65:2181—9.
Sheel AW, Derchak PA, Morgan BJ, Pegelow DF, Jacques AJ,
Dempsey JA. Fatiguing inspiratory muscle work causes reflex
reduction in resting leg blood flow in humans. J Physiol 2001;
537:277-89.

Sheel AW, Derchak PA, Pegelow DF, Dempsey JA. Threshold
effects of respiratory muscle work on limb vascular resistance.
Am J Physiol Heart Circ Physiol 2002;282:1732—8.

Rohrbach M, Perret C, Kayser B, Boutellier U, Spengler CM.
Task failure from inspiratory resistive loaded breathing: a role
for inspiratory muscle fatigue? Eur J Appl Physiol 2003;90:
405—10.

Delpech N, Jonville S, Denjean A. Mouth pressure twitches
induced by cervical magnetic stimulation to assess inspiratory
muscle fatigue. Respir Physiol Neurobiol 2003;134:23123—7.
Petitjean M, Ripart J, Couture J, Bellemare F. Effects of lung
volume and fatigue on evoked diaphragmatic phonomyogram
in normal subjects. Thorax 1996;51:705—10.

Gorman RB, McKenzie DK, Gandevia SC. Task failure, breathing
discomfort and CO, accumulation without fatigue during
inspiratory resistive loading in humans. Respir Physiol 1999;
115:273-86.

Vogiatzis |, Georgiadou O, Giannopoulou |, Koskolou M,
Zakynthinos S, Kostikas K, Kosmas E, Wagner H, Peraki E,
Koutsoukou A, Koulouris N, Wagner PD, Roussos C. Effects of
exercise-induced arterial hypoxaemia and work rate on dia-
phragmatic fatigue in highly trained endurance athletes. J
Physiol 2006;572:539—49.

Guenette JA, Romer LM, Querido JS, Chua R, Eves ND, Road JD,
McKenzie DC, Sheel AW. Sex differences in exercise-induced

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

diaphragmatic fatigue in endurance-trained athletes. J Appl
Physiol 2010;109:35—46.

Nava S, Zanotti E, Rampulla C, Rossi A. Respiratory muscle
fatigue does not limit exercise performance during moderate
endurance run. J Sports Med Phys Fitness 1992;32:39—44.
Perret C, Pfeiffer R, Boutellier U, Wey HM, Spengler CM. Nonin-
vasive measurement of respiratory muscle performance after
exhaustive endurance exercise. Eur Respir J 1999;14:264—9.
Chevrolet JC, Tschopp JM, Blanc Y, Rochat T, Junod AF.
Alterations in inspiratory and leg muscle force and recovery
pattern after a marathon. Med Sci Sports Exerc 1993;25:
501-7.

Ker JA, Schultz CM. Respiratory muscle fatigue after an ultra-
marathon measured as inspiratory task failure. Int J Sports
Med 1996;17:493—6.

Ross E, Middleton N, Shave R, George K, McConnell A. Changes
in respiratory muscle and lung function following marathon
running in man. J Sports Sci 2008;26:1295—301.

Brown S, Kilding AE. Exercise-induced inspiratory muscle
fatigue during swimming: the effect of race distance. J
Strength Cond Res 2011;25:1204—9.

Lomax ME, McConnell AK. Inspiratory muscle fatigue in swim-
mers after a single 200 m swim. J Sports Sci 2003;21:659—64.
Polkey MI, Kyroussis D, Hamnegard CH, Hughes PD, Rafferty GF,
Moxham J, Green M. Paired phrenic nerve stimuli for the
detection of diaphragm fatigue in humans. Eur Respir J 1997;
10:1859—64.

Babcock MA, Pegelow DF, McClaran SR, Suman OE, Dempsey JA.
Contribution of diaphragmatic power output to exercise-
induced diaphragm fatigue. J Appl Physiol 1995;78:1710—9.
McConnell AK, Griffiths LA. Acute cardiorespiratory responses
to inspiratory pressure threshold loading. Med Sci Sports Exerc
2010;42:1696—703.

Laghi F, Harrison MJ, Tobin MJ. Comparison of magnetic and
electrical phrenic nerve stimulation in assessment of dia-
phragmatic contractility. J Appl Physiol 1996;80:1731—42.
Laghi F, Tobin MJ. Relationship between transdiaphragmatic
and mouth twitch pressures at functional residual capacity. Eur
Respir J 1997;10:530—6.

Volianitis S, McConnell AK, Jones DA. Assessment of maximum
inspiratory pressure. Prior submaximal respiratory muscle
activity (‘warm-up’) enhances maximum inspiratory activity
and attenuates the learning effect of repeated measurement.
Respiration 2001;68:22—7.

Hamnegard CH, Wragg S, Kyroussis D, Mills G, Bake B, Green M,
Moxham J. Mouth pressure in response to magnetic stimulation
of the phrenic nerve. Thorax 1995;50:620—4.

Similowski T, Straus C, Attali V, Duguet A, Derenne JP. Cervical
magnetic stimulation as a method to discriminate between
diaphragm and rib cage muscle fatigue. J Appl Physiol 1998;
84:1692—-700.

Mador MJ, Rodis A, Magalang UJ, Ameen K. Comparison of
cervical magnetic and transcutaneous phrenic nerve stimula-
tion before and after threshold loading. Am J Respir Crit Care
Med 1996;154:448—53.

Mador MJ, Dahuja M. Mechanisms for diaphragmatic fatigue
following high-intensity leg exercise. Am J Respir Crit Care
Med 1996;154:1484—9.

Aubier M, Murciano D, Lecocguic Y, Viires N, Pariente R. Bilateral
phrenic stimulation: a simple technique to assess diaphragmatic
fatigue in humans. J Appl Physiol 1985;58:58—64.

Kabitz HJ, Walker D, Schwoerer A, Walterspacher S, Sonntag F,
Schlager D, Roecker K, Windisch W. Diaphragmatic fatigue is
counterbalanced during exhaustive long-term exercise. Respir
Physiol Neurobiol 2010;172:106—13.

Wragg S, Hamnegard C, Road J, Kyroussis D, Moran J, Green M,
Moxham J. Potentiation of diaphragmatic twitch after volun-
tary contraction in normal subjects. Thorax 1994;49:1234—7.



346

L. Janssens et al.

77. Kufel TJ, Pineda LA, Mador MJ. Comparison of potentiated and
unpotentiated twitches as an index of muscle fatigue. Muscle
Nerve 2002;25:438—44.

78. Gonzales JU, Williams JS. Effects of acute exercise on inspi-
ratory muscle strength and endurance in untrained women and
men. J Sports Med Phys Fitness 2010;50:268—73.

79. Luo YM, Hart N, Mustfa N, Lyall RA, Polkey MI, Moxham J. Effect
of diaphragm fatigue on neural respiratory drive. J Appl
Physiol 2001;90:1691—9.

80. Jakovljevic DG, McConnell AK. Influence of different breathing
frequencies on the severity of inspiratory muscle fatigue
induced by high-intensity front crawl swimming. J Strength
Cond Res 2009;23:1169—74.

81. McConnell AK, Caine MP, Sharpe GR. Inspiratory muscle fatigue
following running to volitional fatigue: the influence of base-
line strength. Int J Sports Med 1997;18:169—73.

82. Lomax M, McConnell AK. Influence of prior activity (warm-up)
and inspiratory muscle training upon between- and within-day
reliability of maximal inspiratory pressure measurement.
Respiration 2009;78:197—202.

83. Babcock MA, Pegelow DF, Johnson BD, Dempsey JA. Aerobic
fitness effects on exercise-induced low-frequency diaphragm
fatigue. J Appl Physiol 1996;81:2156—64.

84. Babcock MA, Pegelow DF, Taha BH, Dempsey JA. High
frequency diaphragmatic fatigue detected with paired stimuli
in humans. Med Sci Sports Exerc 1998;30:506—11.

85. Bezzi M, Donzel-Raynaud C, Straus C, Tantucci C, Zelter M,
Derenne JP, Similowski T. Unaltered respiratory-related
evoked potentials after acute diaphragm dysfunction in
humans. Eur Respir J 2003;22:625—30.

86. Coast JR, Haverkamp HC, Finkbone CM, Anderson KL,
George SO, Herb RA. Alterations in pulponary function
following exercise are not caused by work of breathing alone.
Int J Sports Med 1999;20:470—5.

87. Hill NS, Jacoby C, Farber HW. Effect of an endurance triathlon
on pulmonary function. Med Sci Sports Exerc 1991;23:1260—4.

88. Loke J, Mahler DA, Virgulto JA. Respiratory muscle fatigue
after marathon running. J Appl Physiol 1982;52:821—4.

89. Mador MJ, Magalang UJ, Kufel TJ. Twitch potentiation
following voluntary diaphragmatic contraction. Am J Respir
Crit Care Med 1994;149:739—43.

90. Moxham J, Morris AJ, Spiro SG, Edwards RH, Green M.
Contractile properties and fatigue of the diaphragm in man.
Thorax 1981;36:164—8.

91. Ozkaplan A, Rhodes EC, Sheel AW, Taunton JE. A comparison of
inspiratory muscle fatigue following maximal exercise in

moderately trained males and females. Eur J Appl Physiol
2005;95:52—6.

92. Romer LM, Bridge MW, McConnell AK, Jones DA. Influence of
environmental temperature on exercise-induced inspiratory
muscle fatigue. Eur J Appl Physiol 2004;91:656—63.

93. Supinski GS, Clary SJ, Bark H, Kelsen SG. Effect of inspiratory
muscle fatigue on perception of effort during loaded
breathing. J Appl Physiol 1987;62:300—7.

94. Suzuki J, Suzuki S, Okubo T. Effects of fenoterol on inspiratory
effort sensation and fatigue during inspiratory threshold
loading. J Appl Physiol 1996;80:727—33.

95. Renggli AS, Verges S, Notter DA, Spengler CM. Development of
respiratory muscle contractile fatigue in the course of hyper-
pnoea. Respir Physiol Neurobiol 2008;164:366—72.

List of abbreviations

BAEPS: bilateral anterior electrical phrenic nerve stimulation;
BAMPS: bilateral anterior magnetic phrenic nerve stimulation;
Duty cycle: ratio of contraction time over duration cycle;

CEPS: cervical magnetic electrical stimulation;

CMPS: cervical magnetic phrenic nerve stimulation;

EEG: electroencephalography;

EMG: electromyogram;

H/L: ratio of the EMG power contained between the high-
frequency component and the low-frequency component;
method to quantify the power spectrum of EMG; ratio
decreased with fatigue;

MRR: maximal relaxation rate;

MVV: maximal voluntary ventilation;

Pdi: average transdiaphragmatic pressure during one inspiration
(cmH,0);

Pdi (pot): potentiated Pdi (cmH,0);

Pdi (unpot): unpotentiated Pdi (cmH,0);

Pdihax: maximal Pdi that can be achieved (cmH,0);

Pga: gastric pressure (cmH,0);

Pinax: maximal Pmouth that can be achieved (cmH,0);

Poes: oesophageal pressure (cmH,0);

PMG: phonomyogram;

T: time constant of relaxation;

TMPS: thoracic magnetic phrenic nerve stimulation;

UAMNS: unilateral anterior magnetic phrenic nerve stimulation;

VO,max: Mmaximal oxygen uptake
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