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ABSTRACT

Objectives: Several equations for calculating maximal inspiratory pressure (MIP) have
been validated for the Brazilian population; however, none exist for maximal dynamic
inspiratory muscle pressure (S-Index). Methods: This cross-sectional study was
conducted at two centers following approval by the institutional ethics committee.
Healthy Brazilian adults were sequentially randomized to assess either the MIP or
S-Index. Pulmonary function (spirometry), peripheral muscle strength (handgrip strength
of the dominant upper limb — HGdUL), and physical activity level (IPAQ) were also
evaluated. The S-Index and MIP values were reported as absolute values and compared
using the Wilcoxon paired test. Multiple linear regression was used to develop reference
equations. Lower limits of normality (LLNs) were stratified by sex and age using Z-scores,
providing cut-off points to define inspiratory muscle weakness via the S-Index Deviation
Score (SDS). Results: The final sample comprised 214 eutrophic volunteers, 50% men,
with a mean age of 43.1 + 15.0 years. The median MIP was significantly higher than
the median S-Index (97.2 [96.7-112.0] vs. 92.5 [80.0-105.0] cmH,O; p<0.001). The
predicted equation for the S-Index, which used age, sex, and HGdUL as predictors, was:
S-Index = 69.72 + 10.765xsex (men = 1; women = 0) - 0.211xage + 0.797xHGdUL.
Additionally, the LLNs and cut-off points for ventilatory muscle weakness by sex and age
group were established. Conclusions: This study provides the first reference values for
the S-Index in healthy, eutrophic Brazilian adults, including LLNs and cut-off points for
diagnosing ventilatory muscle weakness.
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INTRODUCTION The S-Index represents the peak inspiratory pressure at
the highest point on the pressure-lung volume curve.
As with other isokinetic devices, a minimum load of 3
cmH,0 is applied to create resistance to airflow, enabling
detection of flow variations. A mathematical algorithm
is then used to calculate the S-Index.®”) This approach

allows the identification of variations in airflow and lung

Maximal inspiratory pressure (MIP) and maximal
expiratory pressure (MEP) are widely used in clinical
practice because of their reliability and accessibility.(¥)
These measurements assess ventilatory muscle strength
under static conditions,®>? in contrast to the dynamic

contractions observed in physiological states. Conditions
such as chronic obstructive pulmonary disease (COPD),
asthma, obesity, and neuromuscular disorders can
impair ventilatory muscle dynamics by altering the
length-tension relationship, leading to dysfunction.®

In order to evaluate inspiratory muscle strength
under dynamic conditions, researchers generally use
a portable electronic device equipped with a gate valve
and variable flow control, initiating the measurement at
residual volume. Flow and pressure signals are typically
sampled at 500 Hz to calculate the maximal dynamic
inspiratory muscle pressure, known as the S-Index.“>)

Correspondence to:

volume, assisting in the interpretation of inspiratory
muscle weakness.(>-®

This device has since been increasingly used in Brazil
and other countries for the clinical screening of both
acute and chronic conditions.®-'¥) However, due to the
lack of established reference values for the S-Index,
clinicians often rely on MIP measurements and reference
equations to estimate this parameter. Nevertheless,
the MIP does not accurately reflect dynamic inspiratory
performance.

Therefore, the aim of the present study was to
develop a predictive equation for the S-Index in healthy
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Brazilian adults and to establish its LLNs and criteria
for diagnosing ventilatory muscle weakness.

METHODS

This study proposes a new equation for predicting the
S-index in healthy Brazilian adults, establishing LLNs
and diagnostic criteria for ventilatory muscle weakness.
During a single outpatient visit, sociodemographic data,
medical history, and smoking status were obtained
through structured interviews carried out between
December 2022 and November 2023.

Adult volunteers residing in Rio de Janeiro,
southeastern Brazil—but originally from 12 different
Brazilian states—were recruited via public invitations
posted on social media. The participants were
matched by sex and age (range: 20-65 years), were
non-smokers, and had normal weight (body mass
index [BMI]: 25.45 % 3.31 kg/m?). Exclusion criteria
included a history of respiratory, cardiovascular, or
neuromuscular disease; spirometric abnormalities at
baseline; difficulty understanding test instructions;
or significant pain/discomfort during the evaluation.

Height and weight were measured using a digital
scale (precision: 0.1 kg) attached to a stadiometer
(accuracy: 0.005 m), and BMI was determined. Physical
activity level was assessed using the short version
of the International Physical Activity Questionnaire
(IPAQ), validated in Portuguese, and was categorized
as low (<600 MET-min/week), moderate (600-3,000
MET-min/week), or high (>3,000 MET-min/week).®

Handgrip strength was assessed using a Jamar
90 kg/200 Ib hydraulic handgrip dynamometer
(JLW Instruments, Chicago, IL, USA), which has a
measurement range of 0.5-90 kg and a resolution
of 0.05 kg. Participants were seated with the arm
positioned parallel to the body, elbow flexed at
90°, and their forearm and wrist were in a neutral
position. Three measurements were taken for each
upper limb, alternating between the dominant and
non-dominant hands, with a 1-minute rest interval
between attempts. The highest value from each hand
was recorded.

Pulmonary function was evaluated using a
computerized spirometry system (Koko SX 1000,
nSpire Health, USA), following standard protocols to
measure forced expiratory volume in the first second
(FEV,), forced vital capacity (FVC), and the FEV,/
FVC ratio. The results were then compared with the
predicted values for the Brazilian adult population as
described by Pereira et al. (2007).*%

All participants were randomly assigned to the
sequence of assessment procedures using a six-sided
die. Rolls of 1, 2, or 3 indicated that the participant
would begin with static maximal respiratory pressure
measurements (MIP and MEP) first, followed by
dynamic maneuvers, while rolls of 4, 5, or 6 began
with dynamic inspiratory muscle pressure (S-Index)
measurements followed by static maneuvers.
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The MIP and MEP were determined using a digital
vacuum manometer (MVD 300, Globalmed, Porto
Alegre, RS, Brazil), following ATS/ERS guidelines.
() MIP was measured from residual volume with
closed airways, while MEP was measured from total
lung capacity. Pressure was recorded after sustaining
effort for at least 3 seconds, and the plateau value
was registered as the MIP or MEP. A minimum of five
acceptable maneuvers was performed, with at least
three showing less than 10% variability. The highest
value from the three reproducible maneuvers was
used and expressed both as an absolute value and
as a percentage of the predicted value based on the
equation by Neder et al. (1999).¢9

The maximal dynamic inspiratory muscle pressure
(S-Index) was measured using a Powerbreathe K5®
device and analyzed with Breathelink® K5 software,
version 2.1.1. This is currently the only available device
capable of performing such measurements. It is flow-
oriented and electronically controlled, and estimates
the S-Index by integrating peak inspiratory flow and
volume over time. The device contains a valve that
adjusts its diameter in response to inspiratory flow
and calculates muscle strength with the airway open.

The measurements were obtained after the
participants performed maximal, rapid inspiratory
efforts through a properly fitted mouthpiece, with
the valve open, under verbal encouragement from
the evaluator. Prior to testing, each participant
completed 10 unmeasured moderate-intensity warm-up
maneuvers, followed by 8 maximal-effort maneuvers,
of which at least 3 had to be acceptable. A minimum
1-minute rest interval was allowed between each
maximal effort to avoid muscle fatigue. The S-Index
varied by less than 10% among the three acceptable
maneuvers, and the highest peak value was recorded.

All evaluations at the two participating centers
followed the same protocol. Eight evaluators—
specialists in the field—received three months of
training from the lead researchers before data
collection began.

This study was approved by the Institutional Ethics
Committee of the coordinating center, registered on
the Brazil Platform (CAAE No. 64320022.4.000.5235).
All participants provided written informed consent.

Statistical analysis

The sample size was calculated using the equation
proposed by Tabachnick and Fidell (1983): N > 50 +
8 K, where K represents the number of independent
variables.?? This study included six independent
variables: sex, age, weight, height, handgrip strength,
and physical activity level (assessed using the IPAQ).
Accounting for a 20% loss, the required sample
consisted of at least 100 participants of each sex. The
volunteers were matched by sex and age, resulting in
a total of 250 healthy adults (125 men, 125 women),
distributed across five age ranges for each sex: 20-29,
30-39, 40-49, 50-59, and 60-65 years.
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Multiple linear regression analysis was conducted
using the enter method, whereby each variable
hypothesized to influence the S-Index was added
in successive steps. ANOVA was used to determine
whether each variable significantly improved the
model’s predictive accuracy for the S-Index.

Sex-specific reference equations were developed
using multiple linear regression models. The
associations between MIP, S-Index, and other relevant
variables were analyzed to assess the dependence
of S-Index and MIP on categorical variables. For
continuous variables, either the t-test or the Mann-
Whitney U test was applied to evaluate the strength
of linear dependence, and outliers were identified.

Two regression models were constructed: one with sex
and age as independent variables, and a second model
incorporating sex, age, and the HGdUL measurement.
All regression models were evaluated for compliance
with standard assumptions, including absence of
multicollinearity among independent variables,
independence of residuals, absence of outliers, normally
distributed residuals, homoscedasticity, and linearity
between dependent and independent variables.

ANOVA testing was performed between the two
nested models to select the best predictive model and
establish the most appropriate equation. The LLN of
the S-Index in men and women across the age groups
was calculated using Z-scores. A Bland-Altman analysis
was conducted to assess the agreement between the
values predicted by the model’s equation and the
actual S-Index measurements.

Lower limit of normality (LLN)

The 5th and 95th percentile limits of a healthy
population can be used to identify individuals with

unusually low or high results, respectively.?® These
percentiles are based on the reference interval, which
reflects the distribution of expected values in a healthy
population. The LLN serves as a cut-off to define
results falling outside the typical range observed in
clinical practice.

For the S-Index, the LLN for men and women in each
age group was calculated using Z-scores, defined as
values >1.645 standard deviations below the group
mean. Z-scores or population-based percentage values
describe the probability of a given result occurring
within the distribution of healthy individuals. In
spirometry, the 5th percentile (corresponding to a
Z-score of -1.645) is commonly used as a threshold
for low values, acknowledging a 5% false-positive
rate among healthy individuals.

The S-Index Deviation Score (SDS) indicates how
many standard deviations a value falls below the
peak mean S-Index, providing a descriptive and
context-appropriate metric for identifying potential
muscle weakness.

All analyses were conducted by an independent
statistician using IBM SPSS Statistics, version
29.0.0.0.241.

RESULTS

Among the 250 volunteers recruited through public
invitation, 36 were excluded for reasons detailed
in Figure 1. Of the 214 participants evaluated, 107
were male, with ages ranging from 20 to 65 years
(mean age: 44.95 £ 14.2 years). Table 1 presents the
descriptive data of the participants (additional details
are provided in Supplementary Table S1). Demographic

Enrollment

Assessed for eligibility (n = 250)

Excluded (n=36)

« Not meeting inclusion criteria (n=8)
« Declined to participate (n=4)

« Coronary disease (n=5)

«BMI > 30 Kg/m"2 (n=5)

”| +COPD (n=4)

« Heart failure (n=2)

« Stroke (n=3)

- Failed to perform one or more tests (n=2)
« Other reasons (n=3)

Randomized (n=214)

(n=107)

. Allocation
MIP > S-Index

S-Index > MIP
(n=107)

Figure 1. Flowchart of participant recruitment and eligibility. Legend: BMI, body mass index; COPD, chronic obstructive
pulmonary disease; S-Index, maximal dynamic inspiratory muscle pressure index; MIP, maximal inspiratory pressure.

J Bras Pneumol. 2025;51(6):e20240312

3/8



*P Reference equation for measurement of the maximal dynamic inspiratory muscle pressure index (S-Index) in healthy Brazilian adults

4/8

Table 1. Demographic and anthropometric data and descriptive statistics of the study sample.

Shapiro-Wilk Percentiles

Mean Median SD w p 25th 75th
Age (y) 214 44.95 45.50 14.20 0.93 <0.001 33.00 58.75
Weight (kg) 214 70.58 70.00 11.23 0.97 <0.001 62.25 80.00
Height (m) 214 1.66 1.65 0.10 0.93 <0.001 1.59 1.74
BMI (kg/m?) 214 25.45 25.71 3.31 0.88 <0.001 23.34 28.21
FVC (L) 214 3.71 3.51 0.83 0.97 <0.001 3.08 4.32
FVC (% pred) 214 96.70 97.05 4.70 0.74 <0.001 94.80 98.66
FEV, (L) 214 2.78 2.81 0.50 0.99 0.127 2.43 3.09
FEV, (% pred) 214 88.25 89.00 7.72 0.97 <0.001 81.42 94.46
FEV,/FVC (% pred) 214 81.46 81.00 2.16 0.93 <0.001 80.00 83.00
HGdUL (kg) 214 34.73 32.00 10.48 0.90 <0.001 28.00 38.00
MIP (cmH,0) 214 100.68 97.35 17.03 0.96 <0.001 86.67 112.00
MEP (cmH,0) 214 108.46 102.35 17.03 0.96 <0.001 90.28 124.00
MIP (% pred) 214 96.66 97.07 6.17 0.93 <0.001 93.88 100.14
MEP (% pred) 214 94.88 95.20 8.25 0.92 <0.001 92.34 108.1
S-Index (cmH,0) 214 93.33 92.50 16.38 0.98 0.005 80.00 105.00
PIF (L/s) 214 4.65 3.93 6.741 0.21 <0.001 3.01 4.87
Volume (L) 214 3.48 3.27 0.832 0.97 <0.001 2.85 4.08

Level of physical
activity, IPAQ - SF
High (> 3,000
MET-min/week)
Moderate (600-
3,000 MET-min/
week)

Low (<600
MET-min/week)

17 (7.9%)

38 (17.8%)

159 (74.3%)

Age, years; BMI, body mass index; cm, centimeters; FEV,, forced expiratory volume in the first second; FVC, forced
vital capacity; HGdUL, hand grip of the dominant upper limb; IPAQ, International Physical Activity Questionnaire;
kg, kilograms; L: liters; L/s, liter per sec; MET, metabolic equivalent of task; min, minutes; m, meters; PIF, peak
inspiratory flow; y, years; S-Index, maximal dynamic inspiratory muscle pressure index; MIP, maximal inspiratory

pressure; MEP, maximal expiratory pressure; W, Shapiro-Wilk statistical test.

and continuous variables were reported as means,
standard deviations, medians, and interquartile ranges.

There were no significant differences in MIP and
S-Index measurements when randomized by evaluation
sequence, regardless of the test order. However, the
median MIP was significantly higher than the median
S-Index (median [IQR]: MIP = 97.2 [96.7-112] vs.
S-Index = 92.5 [80-105] cmH,0; p<0.001). The
mean difference between medians was 8.15 cmH,0
(95%CI: 7.00-9.18). Both the S-Index and MIP varied
significantly by age (p<0.01) and sex (p<0.001), as
shown in Figure 2.

The S-Index and MIP were strongly correlated
(rho=0.822; 95%CI: 0.770-0.859; p<0.001), as
were the S-Index and HGAUL (rho=0.841; 95%CI:
0.760-0.853; p<0.001). In order to assess the
variables influencing the S-Index in healthy adults,
multiple linear regression analysis was performed
using two models. Model 1 included sex and age as
independent variables in all MIP prediction equations,
whereas Model 2 included sex, age, and handgrip
strength measured in the dominant upper limb (HGdUL)
to evaluate the extent to which HGdUL improves the
prediction of the S-Index in healthy Brazilian adults.

J Bras Pneumol. 2025;51(6):e20240312

Regression analysis showed that Model 1, which
included sex and age, had an R of 0.793 and an R?
of 0.629. Model 2, which added handgrip strength
(HGdUL), had an R of 0.842 and an R? of 0.708. The
inclusion of HGAUL in Model 2 significantly improved
the prediction of the S-Index, increasing the model’s
explanatory power by 8%. Adjusted R? values were
0.626 for Model 1 and 0.704 for Model 2 (p<0.001
for both comparisons) (Table 2).

According to our study, sex, age, and handgrip
strength were significant predictors of the S-Index
in healthy Brazilian adults. The regression model was
statistically significant, with an R? of 0.708 (F[3,210]
= 169.8; p<0.001). The general equation describing
the relationship between these variables is Y = B0
+ B1xX1 4+ B2xX2 + B3xX3 + .. + BnxXn. The
proposed equation for men is: S-Index = 69.72 +
10.765x1 - 0.211xage + 0.797xHGdUL. For women,
the equation becomes: S-Index = 69.72 - 0.211xage
+ 0.797xHGdUL. Additionally, the study calculated the
LLN for the S-Index across the different age groups,
as well as the cut-off values for ventilatory muscle
weakness in men and women based on the S-Index
Deviation Score (SDS) (Table 3).
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Figure 2. Scatter plots of maximal inspiratory pressure (MIP) (A) and maximal dynamic inspiratory muscle pressure
index (S-Index) (B) by sex (females and males) and age group. Legend: MIP, maximal inspiratory pressure; S-Index,

maximal dynamic inspiratory muscle pressure index.

The final equation for predicting the S-Index is:

S-Index = 69.72 (£5.49) + 10.765 (+1.80)xsex
(men =1, women =0)-0.211 (£0.06)xage + 0.797
(£0.11)xHGdUL

Standard Error of the Estimate (SEE) = 8.91;
Adjusted R? = 0.704

A Bland-Altman analysis was performed to assess the
agreement between the predicted and actual S-Index
values. The results demonstrated an adequate level
of agreement, with most data points falling within the
established limits, indicating that the prediction model
reliably estimates inspiratory muscle strength. The
Bland-Altman plot is presented in the Supplementary
Materials (Supplementary Figure S2).

DISCUSSION

This study introduces the first sex-specific reference
equation for calculating the S-Index (cmH,O)
in healthy Brazilian adults using a standardized
method.?" The S-Index test involves maximal,
fast, and forceful inspirations from residual volume
to total inspiratory capacity,®*”) and may offer a
more functional assessment of inspiratory muscle
strength than traditional static measurements, such
as MIP, due to its use of dynamic maneuvers. The
S-Index was measured using validated PowerBreathe®
devices,(>7:9:10-14,26,.27) and the test-retest reliability was
shown to be excellent,“® supporting its application
in both healthy individuals and patients.“>7:810-14)

However, few studies have employed a standardized
protocol for measuring the S-Index.(®”) In 2023,
Kowalski and Klusiewicz proposed guidelines to
minimize methodological variability and provide
reliable reference values for this parameter.(?Y) In the
present study, sex, age, and handgrip strength were
identified as significant predictors of S-Index variation.

Kowalski and Klusiewicz also recently presented
reference values for the S-Index in athletes of both
sexes aged 18-39 years, reporting mean S-Index

values of 70.7 £+ 24.1 cmH,0 for women and 128.7
+ 28.8 cmH,0 for men in non-athlete populations.
Although the age ranges and physical activity profiles
differ from those of the current sample, their findings
support the influence of age, sex, and physical
activity level on S-Index performance, corroborating
our results.

To date, no reference equation for measuring the
S-Index in adults has been proposed in Brazil or
globally.?”

The thresholds for identifying respiratory muscle
weakness in men and women were based on the
S-Index Deviation Score (SDS). This parameter reflects
the number of standard deviations below the peak
mean S-Index and serves as a context-appropriate
metric for identifying muscle weakness. Previous
studies have used the T-score to establish normative
values and define diagnostic criteria for osteoporosis.
Notably, the term “T-score” is specifically defined by
the World Health Organization in the context of bone
mineral density and refers to the number of standard
deviations a measurement is from the mean of a
young, healthy reference population, typically for
diagnosing osteoporosis. (242>

In our study, we applied similar statistical reasoning
to define a threshold for inspiratory muscle weakness,
using a value corresponding to 2.5 standard deviations
below the mean S-Index of the youngest adult group
(20-29 years). However, we acknowledge that referring
to this value as a “T-score” could be misleading outside
the context of bone density. Therefore, we adopted the
term “S-Index Deviation Score (SDS)” to distinguish
it from the conventional T-score.

We are aware that in the original study by Ana
Lista-Paz et al. (2023), the authors applied a T-score
threshold of >2.5 standard deviations below the mean
peak pressure achieved by young adults to establish
a single absolute cut-off point for respiratory muscle
weakness, separately for men and women.G®

J Bras Pneumol. 2025;51(6):e20240312
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In contrast, our study adopted a different approach.
Rather than determining a single cut-off value, we
established a minimum expected value (LLN) for
each age group and sex, thereby accounting for
physiological variations between men and women as
well as the age-related decline in respiratory muscle
strength consistently reported in previous studies.*?®
By calculating age- and sex-specific thresholds, our
methodology offers a more precise and clinically
relevant assessment of ventilatory muscle weakness.
It reflects the natural changes associated with aging
rather than applying a fixed value across all adult
age groups. This approach improves diagnostic
accuracy and aligns with the growing body of literature
emphasizing the need for age- and sex-adjusted
reference values for respiratory muscle strength.

-0.46
23.48

80.54
-0.09

14.32
1.01

112.58

-0.65
18.08

58.91
-0.33

103.23
7.21
0.59

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

15.17
12.71
5
5.97
4

-3
7.5

HGdUL, hand grip of the dominant upper limb; R, correlation coefficient; R2, coefficient of determination; Adjusted R2, adjusted coefficient of determination; SE of the Estimate, standard

45.48
-11.48
error of the estimate; R2 Change, change in R-squared; F Change, change in F statistic; df1l, degrees of freedom 1; df2, degrees of freedom 2; Sig. F Change; significance of the change in F.

The study sample reflected the demographic and
anthropometric characteristics of healthy Brazilian
adults. Results showed that both the S-Index and
MIP can be predicted using anthropometric data
and handgrip strength across different age groups.
The S-Index values were lower than the MIP values,
consistent with the fact that isometric forces are
typically greater than those generated during isotonic
contractions. Both MIP and S-Index assessments are
influenced by various factors, including the pressure
gauge, interface, air leaks, posture, test instructions,
and examiner encouragement, among others. 32131
Variability in these measurements may also stem
from differences in reference values proposed for
individuals of the same sex and age.®% 33-3%

1.76
Standardized Beta
0.48
0.64
-0.18
0.33
0.51

<0.001
<0.001

Coefficients

Sig. F Change
Coefficients SE

2.37
0.048
1.37

5.49
0.063
1.80

0.11

211
210

As mentioned previously, no S-Index reference
equations have yet been established for the Brazilian
population—a gap this study aimed to address. Using
the most widely accepted methodology for MIP
reference equations,®® the present study proposes
a reference equation for the S-Index that aligns with
previous predictions of ventilatory muscle function.
Age significantly impacted maximal respiratory
pressures, and incorporating handgrip strength
(HGdUL) enhanced the associations among sex, age,
MIP, and the S-Index. The equation explained 70.4%
of the S-Index variance (adjusted R2 = 0.704) and
significantly improved predictive capacity (AR2 =
0.079; p<0.001).

In order to better understand the S-Index LLN,
both Z-scores and the SDS were calculated for
different age and sex groups. While Z-scores are
useful for interpreting lung function across aging,
they may be less suitable for assessing respiratory
muscle function, since strength can be preserved or
improved through conditioning or training beyond
age-related expectations.(?4-283237) Therefore, defining
respiratory muscle weakness using age- and sex-
specific cut-offs is more appropriate than applying
a fixed MIP threshold (e.g., <60 cmH,0), as often
used in systematic reviews of inspiratory muscle
training.(3°%) Differences between Z-scores and SDS
influence LLN calculation—particularly in older adults,
where Z-scores are consistently lower.
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Model Summary

R? Change
63
0.080

10.02
8.91
(Constant)
Age
Sex
(Constant)
Age
Sex
HGdUL

Estimate
Predictors

0.63

Adjusted SE of the
0.70

RZ
0.79* 0.63
0.84° 0.71

1
2

Table 2. Linear regression models used to develop reference equations for the maximal dynamic inspiratory muscle pressure index (S-Index).
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Table 3. Lower limits of normality (LLNs) for the maximal dynamic inspiratory muscle pressure index (S-Index; cmH,0),
based on Z-scores and S-Index Deviation Score (SDS) used for cut-off points for ventilatory muscle weakness.

Sex
Female Male
LLN S-Index, cmH,O SDS, cmH,0 LLN S-Index, cmH,O SDS, cmH,0
20-29 years 62.79 70.85 86.77 96.81
30-39 years 57.05 64.55 84.18 87.17
40-49 years 56.50 58.12 74.99 75.27
50-59 years 50.08 54.14 68.27 72.27
60-65 years 45.24 48.33 60.80 71.94

LLN, lower limit of normality based on the Z-score, calculated using the formula LLN = age-range specific mean
— 1.645 standard deviation (SD); S-Index Deviation Score (SDS) reflects the number of standard deviations
below the peak mean S-Index and serves as a descriptive and context-appropriate metric for identifying muscle

weakness.

This study has several strengths, including its large,
well-matched sample from two centers, with balanced
age and sex distributions. Rigorous inclusion and
exclusion criteria minimized confounding factors, such
as obesity, smoking, lung or neuromuscular conditions,
and physical activity levels. Our structured methodology
followed the ATS/ERS 2002 protocol—Brazil's most
widely used method for MIP/MEP assessment*?—and
the standardization procedures by Silva et al.© 7221
All evaluators were extensively trained, and strict
quality control measures were applied during testing
and retesting.(?43¢)

Although the sample was not fully randomized due
to ethical constraints, recruitment strategies such as
outreach via social media and community health centers
helped reduce bias. Motivational factors affecting MIP
and S-Index performance were also mitigated through
proper volunteer guidance.

The analyzed age range (20 to 65 years) may limit
the clinical applicability of the reference values—
particularly given the aging population and the higher
prevalence of respiratory and cardiovascular diseases
in individuals over 70 years of age. Nevertheless, the
new reference equations and SDS provide improved
clinical interpretation of maximal respiratory pressures,
helping avoid misdiagnoses of respiratory muscle
weakness and refining the selection of candidates
for intervention.

Further research is needed to validate these
S-Index reference equations in other populations

and to establish cut-off values for respiratory muscle
weakness in specific patient groups, such as those
with COPD, heart failure, or neuromuscular diseases,
among others.

Our study presents the largest dataset of S-Index
measurements to date in Brazil, using a standardized
methodology aligned with international standards and
clinical practice guidelines. We established LLN and
S-Index cut-off points for both sexes across different
age groups, enabling the identification of respiratory
muscle weakness. These findings have significant
clinical implications and offer immediate applicability
for identifying respiratory muscle weakness and
selecting appropriate candidates for targeted training
interventions and follow-up.

AUTHOR CONTRIBUTIONS

LFFR: data collection, writing, editing, descriptive
analysis, essay, and translation; CP: data collection,
essay, writing, editing, and descriptive analysis; PCDS:
data collection, essay, writing and editing; AOMSM:
data collection, essay, writing and editing; ACSS:
data collection, essay, writing and editing; CPD: data
collection, writing, editing, descriptive analysis and
translation; FMR: data collection, writing, editing,
descriptive analysis and translation; ASF: writing,
descriptive analysis, translation and supervision;
AJL: writing, descriptive analysis, translation and
supervision.

REFERENCES

1. American Thoracic Society/European Respiratory Society. ATS/ERS
statement on respiratory muscle testing. Am J Respir Crit Care Med.
2002;166:518-624.

2. Souza RB. Pressoes respiratorias estaticas maximas. J Pneumol.
2002;28(Suppl 3):S155-S65.

3. Laveneziana P, Albuquerque A, Aliverti A, Babb T, Barreiro E, Dres
M, et al. ERS statement on respiratory muscle testing at rest and
during exercise. Eur Respir J. 2019;53(6):1801214. https://doi.
0rg/10.1183/13993003.01214-2018.

4. Minahan C, Sheehan B, Doutreband R, Kirkwood T, Reeves D, Cross
T. Repeated-sprint cycling does not induce respiratory muscle fatigue
in active adults: measurements from the powerbreathe® inspiratory
muscle trainer. J Sport Sci Med. 2015;14(1):233-8.

5. Langer D, Jacome C, Charususin N, Scheers H, McConnell A,
Decramer M, et al. Measurement validity of an electronic inspiratory
loading device during a loaded breathing task in patients with COPD.
Respir Med. 2013;107(4):633-5. doi: 10.1016/..rmed.2013.01.020.

6. Silva PE, Durigan JL, Cipriano G. Maximal Inspiratory Pressure: A
Lost Point Trying to Explain a S-Index Function Line Index. J Sport Sci
Med. 2015;14(4):883-4. PMID: 26664287; PMCID: PMC4657433.

7. Silva PE, de Carvalho KL, Frazao M, Maldaner V, Daniel CR,
Gomes-Neto M. Assessment of Maximum Dynamic Inspiratory
Pressure. Respir Care. 2018;63(10):1231-8. https:/doi.org/10.4187/
respcare.06058.

8. Romer LM, McConnell AK. Specificity and reversibility of inspiratory
muscle training. Med Sci Sports Exerc. 2003;35(2):237-244. https://

J Bras Pneumol. 2025;51(6):e20240312

7/8



8/8

Reference equation for measurement of the maximal dynamic inspiratory muscle pressure index (S-Index) in healthy Brazilian adults

20.

21.

22.

23.

24.

25.

doi.org/10.1249/01.MSS.0000048642.58419.1E.

Areias GS, Santiago LR, Teixeira DS, Reis MS. Concurrent Validity
of the Static and Dynamic Measures of Inspiratory Muscle
Strength: Comparison between Maximal Inspiratory Pressure and
S-Index. Braz J Cardiovasc Surg. 2020;35(4):459-64. https://doi.
org/10.21470/1678-9741-2019-0269.

. Pereira MG, Silva AMO, Galhardo FDM, Almeida BDM, Lopes RL,

Boin IFSF. Respiratory muscle training with electronic devices in the
postoperative period of hepatectomy: A randomized study. World J
Hepatol. 2023;15(5):688-98. https://doi.org/10.4254/wjh.v15.i5.688.

. Van Hollebeke M, Poddighe D, Gojevic T, Clerckx B, Muller J,

Hermans G, et al. Measurement validity of an electronic training
device to assess breathing characteristics during inspiratory
muscle training in patients with weaning difficulties. PLoS One.
2021;16(8):e0255431. https://doi.org/10.1371/journal.pone.0255431.

. Basso-Vanelli RP, Di Lorenzo VAP, Ramalho M, Labadessa IG,

Regueiro EMG, Jamami M, et al. Reproducibility of inspiratory
muscle endurance testing using PowerBreathe for COPD patients.
Physiother Res Int. 2018;23(1). https://doi.org/10.1002/pri.1687.

. Lee KB, Kim MK, Jeong JR, Lee WH. Reliability of an Electronic

Inspiratory Loading Device for Assessing Pulmonary Function in
Post-Stroke Patients. Med Sci Monit. 2016;22:191-6. https://doi.
0rg/10.12659/msm.895573.

. da Silva Guimaraes B, de Souza LC, Cordeiro HF, Regis TL, Leite

CA, Puga FP, et al. Inspiratory Muscle Training With an Electronic
Resistive Loading Device Improves Prolonged Weaning Outcomes
in a Randomized Controlled Trial. Crit Care Med. 2021;49(4):589-97.
https://doi.org/10.1097/CCM.0000000000004787.

. Heus P, Damen JAAG, Pajouheshnia R, Scholten RJPM, Reitsma

JB, Collins GS, et al. Uniformity in measuring adherence to reporting
guidelines: the example of TRIPOD for assessing completeness of
reporting of prediction model studies. BMJ Open. 2019;9(4):e025611.
https://doi.org/10.1136/bmjopen-2018-025611.

. Matsudo S, Araljo T, Matsudo V, Andrade D, Andrade E, Oliveira LC,

et al. International physical activity questionnaire (IPAQ): a study of
validity and reliability in Brazil. Rev Bras Ativ Fis Saude. 2001;6(2):5-
18. Available from: https://rbafs.org.br/rbafs/article/view/931.

. Lima TR, Guimaraes FS, Neves RS, Menezes SL, Lopes AJ.

Scleroderma: Assessment of posture, balance and pulmonary
function in a cross-sectional controlled study. Clin Biomech
(Bristol). 2015;30(5):438-43. https://doi.org/10.1016/j.
clinbiomech.2015.03.013.

. Graham BL, Steenbruggen |, Miller MR, Barjaktarevic 1Z, Cooper

BG, Hall GL, et al. Standardization of Spirometry 2019 Update. An
Official American Thoracic Society and European Respiratory Society
Technical Statement. Am J Respir Crit Care Med. 2019;200(8):e70-
€88. https://doi.org/10.1164/rccm.201908-1590ST.

. Pereira CA, Sato T, Rodrigues SC. New reference values for

forced spirometry in white adults in Brazl. J Bras Pneumol.
2007;33(4):397-406. English, Portuguese. https://doi.org/10.1590/
$1806-37132007000400008.

Neder JA, Andreoni S, Lerario MC, Nery LE. Reference values for
lung function tests. Il. Maximal respiratory pressures and voluntary
ventilation. Braz J Med Biol Res. 1999;32(6):719-27. https://doi.
0org/10.1590/s0100-879x1999000600007.

Kowalski T, Klusiewicz A. POWERbreathe® S-Index Test-guidelines
and recommendations for practitioners. Biomedical Human Kinetics.
2023;15(1):225-28. https://doi.org/10.2478/bhk-2023-0026.
Tabachnick BG, Fidell LS. Using multivariate statistics. 6th ed.
Boston: Pearson Education, 1983.

Stanojevic S, Kaminsky DA, Miller MR, Thompson B, Aliverti A,
Barjaktarevic |, et al. ERS/ATS technical standard on interpretive
strategies for routine lung function tests. Eur Respir J.
2022;60(1):2101499. https://doi.org/10.1183/13993003.01499-2021.
Dodds RM, Syddall HE, Cooper R, Benzeval M, Deary IJ, Dennison
EM, et al. Grip strength across the life course: normative data from
twelve British studies. PLoS One. 2014;9(12):e113637. https://doi.
0rg/10.1371/journal.pone.0113637.

Kanis JA. Assessment of fracture risk and its application to screening

J Bras Pneumol. 2025;51(6):e20240312

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

for postmenopausal osteoporosis: synopsis of a WHO report.
WHO Study Group. Osteoporos Int. 1994;4(6):368-81. https://doi.
org/10.1007/BF01622200.

HajGhanbari B, Yamabayashi C, Buna TR, Coelho JD, Freedman
KD, Morton TA, et al. Effects of respiratory muscle training on
performance in athletes: a systematic review with meta-analyses.
J Strength Cond Res. 2013;27(6):1643-63. https://doi.org/10.1519/
JSC.0b013e318269f73f.

Kowalski T, Wilk A, Klusiewicz A, Pawliczek W, Wiecha S,
Szczepahska B, et al. Reference values for respiratory muscle
strength measured with the S-Index Test in well-trained athletes,
e-sports athletes and age-matched controls. Exp Physiol. 2024.
https://doi.org/10.1113/EP091938.

Efstathiou ID, Mavrou IP, Grigoriadis KE. Correlation Between
Maximum Inspiratory Pressure and Hand-Grip Force in Healthy
Young and Middle-Age Individuals. Respir Care. 2016;61(7):925-9.
https://doi.org/10.4187/respcare.04319.

Souza TAC, Juzo K, Cavenaghi OM, Mello JRC, Ferreira LL.
Correlation of functional capacity, respiratory muscle strength, and
hand grip strength in liver transplant candidates. Clin Biomed Res.
2023;42(4). https://doi.org/10.22491/2357-9730.123704.

Widodo AF, Tien CW, Chen CW, Lai SC. Isotonic and Isometric
Exercise Interventions Improve the Hamstring Muscles’ Strength and
Flexibility: A Narrative Review. Healthcare (Basel). 2022;10(5):811.
https://doi.org/10.3390/healthcare10050811.

Evans JA, Whitelaw WA. The assessment of maximal respiratory
mouth pressures in adults. Respir Care. 2009;54(10):1348-59. PMID:
19796415.

de Oliveira FTO, Petto J, Esquivel MS, Dias CMCC, Oliveira, ACS,
Aras, R. Comparison of the strength and resistance of inspirational
muscles between active and sedentary people. J Physiother Res.
2018;8(2):223-9. https://doi.org/10.17267/2238-2704rpf.v8i2.1926.

Costa D, Gongalves HA, Lima LP, Ike D, Cancelliero KM, Montebelo
MI. New reference values for maximal respiratory pressures in the
Brazilian population. J Bras Pneumol. 2010;36(3):306-12. English,
Portuguese.  https://doi.org/10.1590/s1806-37132010000300007.
Erratum in: J Bras Pneumol. 2010 Oct;36(5):667. PMID: 20625667.

Pessoa IM, Houri Neto M, Montemezzo D, Silva LA, Andrade AD,
Parreira VF. Predictive equations for respiratory muscle strength
according to international and Brazilian guidelines. Braz J Phys Ther.
2014;18(5):410-8. https://doi.org/10.1590/bjpt-rbf.2014.0044.

Simoes RP, Deus AP, Auad MA, Dionisio J, Mazzonetto M,
Borghi-Silva A. Maximal respiratory pressure in healthy 20 to 89
year-old sedentary individuals of central Sao Paulo State. Rev
Bras Fisioter. 2010;14(1):60-7.  https://doi.org/10.1590/s1413-
35552010000100010.

Lista-Paz A, Langer D, Barral-Fernandez M, Quintela-Del-Rio A,
Gimeno-Santos E, Arbillaga-Etxarri A, et al. Maximal Respiratory
Pressure Reference Equations in Healthy Adults and Cut-off Points
for Defining Respiratory Muscle Weakness. Arch Bronconeumol.
2023;59(12):813-20. English, Spanish. https://doi.org/10.1016/.
arbres.2023.08.016.

Roldan A, Forte A, Monteagudo P, Cordellat A, Monferrer-Marin
J, Blasco-Lafarga C. Determinants of dynamic inspiratory muscle
strength in healthy trained elderly. Postgrad Med. 2021;133(7):807-
16. https://doi.org/10.1080/00325481.2021.1945761.

Bahat G, Tufan A, Ozkaya H, Tufan F, Akpinar TS, Akin S, et al.
Relation between hand grip strength, respiratory muscle strength
and spirometric measures in male nursing home residents. Aging
Male. 2014;17(3):136-40. https://doi.org/10.3109/13685538.2014.9
36001.

Gosselink R, De Vos J, van den Heuvel SP, Segers J, Decramer M,
Kwakkel G. Impact of inspiratory muscle training in patients with
COPD: what is the evidence? Eur Respir J. 2011;37(2):416-25.
https://doi.org/10.1183/09031936.00031810.

Beaumont M, Forget P, Couturaud F, Reychler G. Effects of
inspiratory muscle training in COPD patients: A systematic review
and meta-analysis. Clin Respir J. 2018;12(7):2178-88. https://doi.
0rg/10.1111/crj.12905.



