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BACKGROUND: Measurements of inspiratory capacity (IC) and vital capacity (VC) are used to
recognize dynamic hyperinflation, but appropriate reference values are required to achieve accu-
rate clinical interpretations. Altitude above sea level is a potential determining factor for lung
volumes, including IC and VC. OBJECTIVE: To describe IC and VC for healthy people who live
in Mexico City at an altitude of 2,240 m above sea level. METHODS: Healthy subjects ages 9-81 y
completed slow spirometry by following 2005 American Thoracic Society/European Respiratory
Society standards. Once associations were explored, linear regression models were constructed and
values were compared with those from previously published equations. RESULTS: A total of
441 healthy subjects (55.1% women) participated. The mean age was 32 y (minimum age, 9 y;
maximum age, 81 y). IC and VC measurements were associated with sex, age, height, and weight.
An accelerated increase in IC and VC was evident from 9 to 20 y of age, followed by a gradual
decrease in both sexes. In general, IC was higher in our population than predicted by previously
published reference equations. CONCLUSIONS: IC in healthy people at 2,240 m above sea level
was higher than that of previous reports about European and Latin-American subjects of the same
height, sex, and age who were at sea level. The present study provided robust reference values for
persons who lived at a moderate altitude. Key words: inspiratory capacity; reference values; altitude;
pulmonary function tests; aging; lung volumes. [Respir Care 0;0(0):1—. © 0 Daedalus Enterprises]

Introduction

Inspiratory capacity (IC), which is the volume differ-
ence between total lung capacity and the functional resid-
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ual capacity, has emerged as a physiologic parameter with
relevant clinical implications.!? For instance, a low IC,
usually due to air trapping, is predictive for dyspnea, poor
quality of life,’# and low exercise capacity!-> in patients
with COPD. In addition, a low IC increases the risk of
death in patients with COPD or pulmonary hypertension.®
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According to the American Thoracic Society/European Re-
spiratory Society standards,!> the ratio of FEV, to vital
capacity (VC), by means of a slow maneuver,’ can be used
to determine the presence of airway obstruction.® During a
slow VC maneuver, less thoracic gas compression occurs
and greater air volume can be expired in patients with
COPD as the airways collapse during a forced expiration,
a mechanism that contributes importantly to exercise im-
pairment.®

Although IC and VC are clinically relevant, proper ref-
erence values are required to achieve accurate interpreta-
tions, but few are available. Besides the typical predictors
of lung function, such as height, age, sex, or ethnicity,!0!!
altitude above sea level is a potential determining factor
for lung volumes.!'? Thus, existing IC and VC reference
values may not be applicable to residents of Mexico City
who live 2,240 m above sea level.!*> Our group previously
reported higher forced spirometry values for healthy Mex-
ican people than that predicted by reference equations used
internationally.'3 That finding, although incompletely un-
derstood, may be due to a larger chest size at altitude.'#

In this study, we decided to obtain IC and VC by using
spirometry rather than plethysmography because both
methods provide similar IC values.'> When using simple
spirometry, the clinician can obtain an easy, fast, low-cost,
and reliable IC in his or her office. Thus, the objective of
our study was to describe IC and VC by using slow spi-
rometry in a healthy population who live at a moderate
altitude. The participants included children and adults un-
der similar measurement conditions (It means that each
subject measured height, weight and slow spirometry un-
der similar conditions, in a standardized way) to obtain
information on the growth and decline of lung function.
We also compared our results with other studies, mostly
conducted at sea level, by evaluating IC and VC either
directly or indirectly.

Methods

The study protocol was approved by The National In-
stitute of Respiratory Disease’s ethics committee (code
C28-13), and the adults or parents of the children who
participated in the study signed a letter of informed con-
sent. Testing was conducted from May 2013 to August 2014
at the pulmonary function test laboratory of the National
Institute of Respiratory Diseases in Mexico City, a refer-
ence center for respiratory diseases where primarily unin-
sured patients are seen. We included Mexican male and
female individuals who resided in the metropolitan area of
Mexico City (2,240 m above sea level), >9 y of age,
never-smokers (<400 cigarettes smoked in their lifetime),
non-obese (body mass index [BMI] <30 kg/m? in indi-
viduals ages > 18 y and falling within the <95th percen-
tile of U.S. Center for Disease Control values in younger
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Current knowledge

Measurements of inspiratory capacity (IC) and vital
capacity (VC) are used to recognize dynamic hyperin-
flation, but published reference values, required to
achieve accurate clinical interpretations, are few and
utilized either a plethysmographic technique or a slow
VC maneuver. In addition, available equations cover a
limited range of ages: children or adults. Altitude above
sea level is a potential determining factor for lung
volumes, including IC and VC.

What this paper contributes to our knowledge

Our cross-sectional study described the growth and de-
cline of IC and slow VC with similar procedures and
equipment by using a widely available spirometric tech-
nique. A significant decline with age was observed for
IC and was more marked for VC. Healthy residents at
moderate altitude (2,240 m above sea level) had higher
values (adjusted by age, height, and sex) than those of
previous reports for European and Latin-American sub-
jects studied at sea level.

individuals), without previous respiratory diseases diag-
nosed by a physician and lacking sustained respiratory
symptoms (wheezing, dyspnea, cough, or phlegm). The
participants were selected by invitation or through posters,
mostly from among National Institute of Respiratory Dis-
eases employees, their relatives, and students (medical,
respiratory care, nursing) enrolled in courses at our insti-
tution. No participants were active in competitive sports.
Ethnic origin is usually not included in surveys applied in
Mexico City, and all the participants were considered to be
Mexican mestizos.

Spirometry tests and slow VC were performed with
pneumotachograph-based equipment (Ergospirometry
5.22.1.149, CareFusion, Baesweiler, Germany) according
to American Thoracic Society/European Respiratory So-
ciety standards.'° Volume was verified daily by using a
3-L calibration syringe; maximal acceptable variability
was * 3%. Barometric pressure and temperature were
automatically taken into account by the equipment. All the
tests were performed by experienced trained personnel who
possessed spirometry certification by the National Institute
of Occupational Safety and Health. We used reference
values for spirometry obtained in Mexican-American in-
dividuals.!®

Briefly, the technician explained and demonstrated the
maneuver to all the participants. Subsequently, the maneu-
vers were performed with the subjects seated and wearing
a nose clip. Each maneuver consisted of three to ten re-
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Table 1.  Characteristics of the Population

Characteristic Total Study Population (N = 441) Men [n = 199 (45%)] Women [n = 242 (55%)]
Age, median (IQR) y 32 (9-81) 30 (9-81) 37 (9-81)
Height, mean = SD cm 161.3 £ 11 168.4 9.7 1554 = 8.1
Weight, mean * SD kg 65.5 £ 14.1 723 =143 599 +11.2
BMI, mean * kg/m? 25.1£42 254 +39 248 = 4.4
BSA, mean * m* 1.7+02 1.8 £0.2 1.6 =02
FEV,/FVC, mean * % 8275 82.0*5 8325
FEV,, mean = L 3.26 £ 091 3.89 = 0.80 2.73 = 0.60
FEV,, mean = % predicted* 103 = 13 103 = 12 103 = 13
FVC, mean = L 3.94 = 1.10 4.75 £0.95 3.28 = 0.68
FVC, mean * % predicted* 103 = 12 103 £ 12 103 = 13
VC, mean = L 4.00 = 1.09 4.84 = 091 3.31 = 0.67
IC, mean * L 3.08 = 0.82 3.66 = 0.75 2.59 = 0.50

*# Percent predicted was calculated by using the 1999 Third National Health and Nutrition Examination Survey reference values.!o

IQR = interquartile range
BMI = body mass index

BSA = body surface area
VC = vital capacity

IC = inspiratory capacity

laxed respiratory cycles at normal tidal volume to ensure
stable end-expiratory lung volume. At the end of a normal
expiration, the subjects were asked to perform a rapid,
maximal inspiration (in <I s) to reach total lung capacity
(the IC maneuver). Next, they were instructed to perform
a slow, prolonged expiration until they reached a plateau of
at least 1 s with no increase in volume on the volume-time
curve (the VC maneuver). For study purposes, we required a
minimum of 3 acceptable maneuvers, with a difference be-
tween the 2 highest measures of <<0.150 L. The highest value
of the 3 acceptable VC maneuvers and the average of at least
3 IC maneuvers obtained were reported.!*¢ Our intra-test
coefficient of variation for IC as well as for VC was 3 = 2%.

Statistical Analysis

We planned to study 300 individuals ages = 9 y, half
were females. Descriptive statistics were used to charac-
terize the study population. IC and slow VC were modeled
by multiple linear regression. Age and anthropometric vari-
ables (height, weight, BMI) were used to generate predic-
tive equations by selecting those with biologic plausibility,
higher coefficients of determination (R?), and lower stan-
dard error of estimation separately for males and females.
Body surface area was estimated according to Haycock:
0.024265 X height’??** X weight”>*78 Reference equa-
tions were generated for the 50th and 5th percentiles to
indicate the average and the lower limit of normal, respec-
tively. Finally, we compared the participant’s measured IC
and VC expressed as the percent of predicted by using our
reference equation with the same IC and VC values ex-
pressed as the percent of predicted of previously published
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equations®!7-23 when using paired ¢ tests. Obtaining sub-
ject values that average >100% predicted by a published
equation would imply that the source population had an IC
or VC on average lower than our studied population. All
statistical analyses were performed with the STATA v. 12
statistical software package (StataCorp LLC, College Sta-
tion, Texas). Statistical significance was established at a
P < .05.

Results

A total of 457 subjects were recruited, but 16 were
excluded (3 smokers, 7 high-performance athletes, and
6 individuals were obese). Hence, 441 Mexico City resi-
dents without pulmonary disease were included. The sub-
jects were ages 9—-81 y, with a mean age of 38 = 18y,
median age of 32 (interquartile range, 9.2—81) y, 45% male
(n = 199), and non-obese (BMI, 25.05 =+ 4.21 kg/m?). The
baseline data of the study population by sex, with expected
differences between males and females in lung function,
are shown in Table 1. The participants had FEV,, FVC,
and FEV /FVC within normal range, and the percent of
predicted was similar in both females and males. The po-
tential participants who responded to an invitation to par-
ticipate in the study were predominantly young adults,
with only a smaller proportion of elderly men and women.

As demonstrated in Figure 1, VC and IC increased dur-
ing growth up to adolescence in both males and females
but then there was a slow, progressive decrease from age
30 y onward. We found a significant difference in aver-
age *= SD annual IC decline between females and males
after age 30 y: in males, this was 11 = 5.4 mL, whereas,
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Fig. 1. Distribution of measured vital capacity and inspiratory capacity according to age for both sexes (men [A and C] and women [B and D]).
Solid lines show the median (50th percentile) of the prediction values, and the dotted line represents the lower limit of normality (5th percentile).

Table 2.  Correlation Coefficients for IC and Slow VC
1C vC

Independent Variable

r P r P
Age, y —0.02 1 -0.19 <.001
Height, cm 0.75 <.001 0.83 <.001
Weight, kg 0.64 <.001 0.54 <.001
BMI, kg/m? 0.23 <.001 0.02 .65
BSA, m? 0.70 <.001 0.63 <.001

Variables that exhibited a significant association with IC and VC were included in the
multivariate model.

IC = inspiratory capacity

VC = vital capacity

r = Pearson regression coefficient

BMI = body mass index

BSA = body surface area

in females, this was 20.8 = 2.9 mL (P = .046). For VC,
a significant decline after age 30 y in females was 31 =
3.4 mL, and 27 = 9.9 mL (mean = SD) for males after age
40 y.

In the univariate analysis (Table 2), height, weight, BMI
and BSA proved to be significantly associated with IC;
whereas age, height, weight, body surface area were sig-
nificantly associated with VC. We tested interaction terms
between sex and age?, but the inclusion of these terms did
not add to the model, and the coefficients did not reach
statistical significance. The models proposed in our study,

4

as in previous studies (Table 3),3-!7-23 included as predict-
ing variables, age, weight, height, BMI, and their squared
terms, and were selected with the objective of optimizing
R? but also the Akaike information criterion and Bayes-
ian information criterion. Best equations are shown in
Tables 4 and 5, with an R? for IC of 0.42—0.44 and for
VC, of 0.61-0.63. Residuals of the proposed equations
had a random distribution as required by multiple re-
gression models.

Measured IC and VC expressed as percentage of pre-
dicted by previously published reference equations are pre-
sented in Table 3. Measured IC and VC expressed as
percentage of predicted by our equation were mean *= SD
99.9 * 12% and 99.9 *= 15%, respectively. On average,
our study population had IC significantly > 100% of pre-
dicted for all compiled reference equations, except for
values published by Tantucci et al 3 (including as a pre-
dictor BMI, P = .14). Measured VC, expressed as a per-
cent of predicted, was significantly > 100% p when using
Cordero et al?3 and Caussade et al?? reference values but
significantly < 100% when using Roca et al'? (which
included BMI) (Figs. 2-5).

Discussion

This cross-sectional study described the changes in IC
and slow VC in residents of Mexico City who lived 2,240 m
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Table 3.  Number of Subjects Included in Different Studies of IC (upper lines) and VC (lower lines), and Results of the Study Participants

Expressed as Percentage of Predicted

Vo Subime Gl e D g
Study IC or VC
Tantucci et al® IC 241 33 114 =19 -10 012
Tantucci et al® with BMI, IC 241 33 110 = 1.9 =5 .14
Lisboa et al'? IC 155 125 111 £ 0.7 —13 <.001
Roca et al'? IC 340 387 109 = 0.3 -9 <.001
Roca et al'? with BMI, IC 346 387 106 = 0.3 —6 <.001
Garcfa Rio et al?° IC 321 33 134 = 2.7 =30 <.001
Neder et al'® IC 100 352 112 £ 0.5 -12 <.001
Marsh et al?! IC 212 302 112+ 0.5 —11 <.001
Caussade et al*? IC 245 66 115 £ 0.7 —18 <.001
Roca et al'? VC 340 388 98 = 0.2 2 <.001
Roca et al'? with BMI, VC 346 181 93 £0.3 8 <.001
Garcfa Rio et al?° vC 321 29 106 = 1.7 =5 24
Marsh et al?! vC 212 302 98 £0.3 2 <.001
Cordero et al?? vC 591 369 105 0.3 —4 <.001
Caussade et al*? vC 245 64 105 £ 0.7 -8 <.001

* The IC and VC of the studied population expressed as percentages of predicted by the different reference studies; if significantly > 100% implies higher IC or VC than reference populations.
7 Difference %p represents the measured values expressed as %P by our equation minus %P by described equations; a negative number means our subjects had higher IC or VC than the reference equation.
F Obtained by a paired ¢ test compared predicted values from our equation vs predicted values from each reference equation.

IC = inspiratory capacity
VC = vital capacity
BMI = body mass index

Table 4. Best Predicting Equations From This Study for VC Table 5.  Best Predicting Equations From This Study for IC
. Age  Age? Height > Root . » Age Age®>  Height > Root
Variable Constant ) (yz) (cm) R MSE P Variable  Constant y) (yz) (cm) R MSE P
Female Female
Median VC  —4.19 0.042 —0.0006 0.045 0.63 041 <.001 Median IC  —2.01 0.0423 —0.00055 0.025 0.44 0.37 <.001
LLN VC —4.58 0.052 —0.0008 0.043 0.52* LLN IC —1.42 0.0304 —0.00043 0.019 0.36*
Male Male
Median VC —6.81 0.033 —0.0005 0.067 0.61 0.58 <.001 Median IC  —4.43 0.039 —0.00040 0.044 0.42 0.57 <.001
LLN VC —6.27 0.046 —0.0008 0.058 0.49* LLN IC —2.81 0.0742 —0.00090 0.026 0.38*

Best models for the studied population and predicting equations recommended for our
population.

* pseudo R%

VC = vital capacity

MSE = mean square error (the SD of the residuals)

LLN = lower limit of normal

Best models for the studied population and predicting equations recommended for our
population.

* pseudo R%.

IC = inspiratory capacity

MSE = mean square error (the SD of the residuals)

LLN = lower limit of normal

above sea level from childhood to old age. It, therefore,
spanned such important stages as the growth, plateau, and
aging of lung function by using current equipment and
procedures. The main predictors of IC and VC were sex,
age, and height, but, in general, the IC measured was
higher than that predicted by other studies,?!7-23 after ad-
justing for sex, height, age, and weight. In our analysis, we
found a coefficient of variation for IC of mean = SD
3 * 2%; in other study, this has been found to be mean *
SD 5 %= 3%' The study population was predominantly
Mexican mestizo with an important contribution of Am-
erindian genes, in a country where 32% of the total pop-
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ulation resides at >2,000 m above sea level.'? Previously,
work by our group found that spirometry values obtained
from a Mexican population, adjusted by sex, height, and
age, were higher than for other population groups.'? This
may be due to a greater upper-body-segment to lower-
body-segment ratio, which implied a larger thorax for
height.

Although the explanation for these findings is currently
unknown, residing at moderate altitude with chronic hyp-
oxia may be a participating factor,?>-?7 together with ge-
netic contributions due primarily to the higher proportion
of Amerindian genes.?” Another possibility could be a rel-
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ative increase in chest dimensions compared with height,
as described for undernourished and underserved groups
with short stature (stunting), which leads to shorter ex-
tremities.?® Another study demonstrated that VC and al-
veolar capillary surface increased in natives at high alti-
tude compared with sea-level populations.?® It is widely
accepted that several factors may lead to large lungs in
these individuals, such as the life-long exposure to hyp-
oxia and genetic factors. The pattern of growth in body
size and lung volume at high altitude is different from that
observed at sea level and includes a larger lung volume
and chest dimensions, particularly a larger residual vol-
ume'4; also, infants and toddlers born and residing at high
altitudes had higher functional residual capacity compared

3.5
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Fig. 2. Comparison of the regression line for measurements of in-

spiratory capacity in men with those previously published for other
populations.317-23 BSA = body surface area; BMI = body mass index.

Inspiratory capacity (L)

with subjects at sea level, likely secondary to an increase
in alveolar number.?®

Our study found that IC and VC increased similarly in
girls and boys during growth and development before reach-
ing a short plateau, followed by a slow decline after age
30 y. This concurred with the phase of pulmonary growth
and maturation in the first 2 decades of life, when this
process accelerates to obtain its maximal function at ap-
proximately age 20 y in women and age 25 y in men. The
annual IC drop after age 30 y was, on average, 10 mL in
men and 20 mL in women (P = .046). The annual drop in
VC after age 30 y in females was 31 mL (P < .001), but,
for men, a significant VC decline occurred only after
age 40 y, and averaged 27 mL/y (P < .001). The observed
IC drop per year was less than that reported for FEV, and
IC in another study.!' At present, we do not know whether
this decline in women was due to menopause or whether it
was associated with lower pulmonary function, perhaps
due to the effect of sex hormones on lung growth, muscle
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Fig. 4. Comparison of the regression line for measurements of vital
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Fig. 3. Comparison of the regression line for measurements of inspiratory capacity in women with those previously published for other
populations.3.17-23 BSA = body surface area; BMI = body mass index.
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Fig. 5. Comparison of the regression line for measurements of vital
capacity in women with those previously published for other pop-
ulations.317-23 BSA = body surface area; BMI = body mass index.

strength and function, and smooth-muscle relaxation in the
airway.’? There also are reports that women experience a
more-rapid increase in the kyphosis angle after age 40 vy,
which reaches its highest value after age 55 y.3!

The decline of IC with aging can be explained by re-
duced lung elastic recoil, greater thoracic rigidity, and lower
muscular strength.3!:32 An increase in air trapping as large
as 50% between ages 20 and 70 y, accompanied by de-
creases in VC to ~75% of best values, was previously
described.?? In contrast, total lung capacity does not seem
to be modified by aging.33-3* It should be noted that the
change in IC with age was not considered relevant in some
of the equations previously described in Roca et al!'” and
Quanjer et al).!!

Obtaining IC by spirometry is simpler than by plethys-
mography. Also, this procedure can identify hyperinflation
at rest, in patients who experience postural changes, and
during exercise.?35 IC at rest is described as an indepen-
dent risk factor in exacerbation of COPD and mortality by
any cause.*%3¢ Studies of subjects with COPD documented
that air trapping develops as this condition progresses and
results in decreased IC.37-3° Similarly, Pellegrino et als®
demonstrated that an increase in IC after bronchodilator
use entails a reduction in dynamic hyperinflation that, in
turn, improves exercise capacity and reduces dyspnea.> Up
to 60% of patients with pulmonary hypertension present
abnormalities in IC both at rest and during exercise, and
individuals with decreased IC have a greater risk of mor-
tality by any cause.*°

In healthy individuals and in patients with mild obstruc-
tion, the difference between VC and FVC is practically
zero; however, this difference increases in the presence of
greater airway obstruction.3° FEV /VC detected the pres-
ence of airway obstruction in more individuals than did
FEV,/FVC.8 For example, the prevalence of COPD in the
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Swedish study increased from 14% to 16.8% when VC
was used instead of only FVC, and this was independent of
whether the FEV /FVC < 0.7 or the lower limit of normal
definition of COPD was applied.*' Finding that VC is
higher than FVC indicated small-airway collapse and air
trapping, and it may further indicate that static pulmonary
hyperinflation is present.’

Our study had limitations. First, IC was measured only
by slow spirometry; therefore, we were not able to deter-
mine the behavior of residual volumen (RV) or total lung
capacity in our participants. However, total lung capacity
was not observed to change with age in previous stud-
ies,3*3* and spirometric measurements of IC were shown
to have a small coefficient of variation (for VC = 0.035)
in most participants when studied with current equipment
and methods. Previously, predicted IC was measured nearly
exclusively by plethysmography or by the inert gas method,
but the inert gas method rendered it more difficult to ob-
tain simple reliable measurements. In contrast, spirometric
IC and VC measurements can be performed easily and
accurately in different settings. Second, this was a cross-
sectional study, which implies that many birth cohorts
were included in our study and results often differed from
those obtained from longitudinal equations.*?> Third, our
population was not obtained by a sampling method rep-
resentative of the population; however, the participants
were more numerous than in previous studies and in-
cluded a wide age range, which represented a consid-
erable advantage.

Conclusions

The IC in our sample of healthy individuals who lived
2,240 m above sea level was higher than that reported in
previous FEV /FVC < 0.7 studies for European and Lat-
in-American subjects of similar height, sex, and age at sea
level. Our study provided a robust IC and VC reference
equation for persons who lived at a moderate altitude from
childhood to old age.
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