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Abstract

Objective: Chronic undernutrition is a common phenomenon in Bangladesh.
However, information is grossly lacking to report the correlation between chronic
undernutrition trajectory and lung function in children. The aim of the current
study was to understand the association between early-childhood chronic under-
nutrition trajectory and lung function at preadolescence.

Design: The current study is a part of the 9-year follow-up of a large-scale cohort
study called the Maternal and Infant Nutrition Interventions in Matlab.

Settings: The current study was conducted in Matlab, a sub-district area of
Bangladesh that is located 53 km south of the capital, Dhaka.

Participants: A total of 517 children participated in lung function measured with a
spirometer at the age of 9 years. Weight and height were measured at five intervals
from birth till the age of 9 years.

Results: Over half of the cohort have experienced a stunting undernutrition phe-
nomenon up to 9 years of age. Children who were persistently or intermittently
stunted showed lower forced expiratory volume (ml/s) than normal-stature chil-
dren (P <0-05). Children who exhibited catch-up growth throughout 4-5 years
from the stunted group showed similar lung function with normal counterparts,
and a better lung function than in children with the same growth velocity or
who had faltering growth. In the multivariable models, similar associations were
observed in children who experienced catch-up growth than their counterparts
after adjusting for covariates.

Conclusion: Our data suggest that catch-up growth in height during early child-
hood is associated with a better lung function at preadolescence.
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Lung function measurement is important to diagnose
lung diseases and to suggest preventive attention”.
Malnourished children are prone to frequent and severe
episodes of respiratory illnesses'®. Immuno-programming
during the fetal period and early infancy has been reported
to be linked with the development of asthma and other
respiratory illnesses in later life®®. Many of these children
experience fewer clinical features of respiratory illnesses
with growing age, yet others continue to have asthma that
persists even in adult life”. Moreover, fetal, postnatal and
early-childhood nutrition and growth distortion can perma-
nently alter the structure and function of the adult lung
because these are critical periods of rapid growth and
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development of the respiratory system®®. Lung size

increases with body size after birth, and alveoli continue
to increase in number, size and complexity with a simulta-
neous increase in gas-exchanging surface area from
adolescence to adulthood”.

Respiratory infection is the leading cause of death
among children under 5 years of age, with a rate of 22%
of all under-5 deaths in Bangladesh®. Each year, nearly
80 000 children under 5 years of age are admitted to hospital
due to respiratory infections; however, the overall infection
rate is assumed to be much higher®. Chronic undernutri-
tion is common in Bangladesh and is reflected best by stunt-
ing and low height-for-age z-score (HAZ)'’. Stunting has
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been reported to be independently associated with child-
hood asthma and other respiratory illnesses since height is
a major determinant of lung size and pulmonary func-
tion™V. Former studies have observed the relationship
between birth weight and lung function, wherein some
studies have reported on the impact of fetal growth restric-
tion and the role of catch-up growth by BMI or BMI trends
through early life on adult lung functions"?-1>. So far, the
relationship between growth trend by height-for-age dur-
ing childhood and lung function, and how this growth
trend impacts lung function at preadolescence are not
known. Additionally, tracking longitudinal measurements
of growth by height-for-age may reveal differences in lung
function in children who had catch-up growth at preado-
lescence, which has been hypothesised as a crucial period
of development but not yet tested and established. The
long follow-up offers the opportunity to examine the
growth trajectory through longitudinal measurements in
a large cohort of children, and to determine the demo-
graphic and clinical factors associated with the lung func-
tion. Moreover, the lung function of Bangladeshi children
with persistent stunting (PS) episodes from the postnatal
period to childhood has not yet been evaluated. Among
Bangladeshi adults (>40 years), the prevalence of chronic
obstructive pulmonary disease (COPD) is 13-5 % accord-
ing to a hospital-based study, which is also an unaccept-
ably underdiagnosed public health problem in
Bangladesh'®. Respiratory diseases are an epidemic in
Bangladesh; however, most are not well aware to the dis-
eases involved. Thus, it is important to assess the effects of
inadequate growth by height-for-age on lung function at
preadolescent age so that appropriate intervention could
be implemented to halt or slow down pulmonary disease
progression. The aim of the current study was to under-
stand the association between early-childhood chronic
undernutrition  trajectory and lung function at
preadolescence.

Materials and methods

Study design

The current observational study included an immune
cohort that was nested in a 9-year follow-up of a large,
randomised, population-based food and micronutrient
supplementation trial among pregnant women, known as
the Maternal and Infant Nutrition Interventions in Matlab
(MINIMat) (trial registration: isrctn.org; identifier: ISRCTN
16581394). The MINIMat immune cohort estimated child
immune function and morbidity, blood pressure, metabolic
markers, etc. The primary objective of the MINIMat study
was to improve maternal health and birth size in Matlab,
a sub-district in rural Bangladesh, through micronutrient
and food supplementation. The details of the MINIMat
cohort, study methodology and the primary outcomes have
been published earlier’1%,
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Study participants

In the MINIMat study, a total of 4436 pregnant women
between 6 and 8 weeks of pregnancy were enrolled from
November 2001 to October 2003; and out of these, there
were 3625 singleton live births. The MINIMat study and
the Health and Demographic Surveillance System in the
area closely monitored these children. A female co-medical
staff member based in the sub-centre visited the mothers
within 72 h of birth to measure weight, height, head circum-
ference and knee-heel length of the newborn. Mothers
and newborn children were assessed at birth, followed
by monthly examinations of the dyads up to 12 months.
During the second year of life, the children were assessed
quarterly. The subsequent follow-ups were performed at
45 and 9years of age. Information on each woman’s
age, parity, education and household assets was collected
from the surveillance system and through interviews with
the women. Parity refers to the number of live or dead chil-
dren delivered before the current pregnancy. Economic
status was assessed by generating scores through a princi-
pal component analysis based on household assets, hous-
ing structure, land occupation and income.

A comprehensive follow-up of children born into the
MINIMat trial was conducted between May 2007 and
February 2009 when they were 4-5years of age. The
3267 children who were live singleton births and had
their birth anthropometry measured were eligible for the
follow-up study. Informed consent was obtained from their
parents or guardians. Of all eligible children, 2735 were
tracked and followed up at 4-5 years of age. A range of out-
comes was assessed during the follow-up, including child
growth and body composition. For cost and logistic consid-
erations, the children were divided into two groups on the
basis of their year of birth (group A, April 2002—June 2003,
group B, June 2003-June 2004). In group B, there were
1303 children who participated in the 4-5-year follow-up
from December 2007 to February 2009.

Among group B MINIMat children, 640 were invited for
spirometry test at 9 years of age. Out of these, forty-two
children had migrated out from the study area, eight chil-
dren were absent, and another thirty-nine children’s
parents did not give consent. Finally, 551 children partici-
pated in the follow-up study at 9 years of age; of these, six
refused to participate and five were unable to successfully
undergo the respiratory test. A further twenty-three chil-
dren were excluded due to a lack of data on birth weight
and height measurements (collected beyond 72h after
birth). Therefore, a total of 517 children constituted the
sample size for the analysis (Fig. D.

Anthropometry and chronic malnutrition

Maternal height and weight were measured during enrol-
ment of the main MINIMat cohort at their 6~13 weeks of
gestation. Maternal weight was measured using an elec-
tronic scale (Seca) with a precision of 100 g, and height
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At 9-year follow-up, lung function was
measured in 517 children

Fig. 1 Study participants

was measured using locally made wooden scales with a
precision of 0-1 cm. Weight and height of all the MINIMat
children were measured by trained field staft from birth to
all follow-up visits. The attending nurse performed
anthropometry when deliveries took place at health facili-
ties. The MINIMat cohort had established a birth notification
system for those women who delivered at home. Trained
co-medical staff members measured birth anthropometry
mostly within 72 h of birth. Birth weight was measured using
an electronic scale (Seca) with a precision of 10g. Birth
weight measurements taken within the first 24 h were used
without adjustment. Measurements taken beyond 24 h to
30d after birth were adjusted using a standard deviation
score transformation with the assumption that the birth
weight tends to remain the same®”. At 45 and 9 years of
follow-up, children’s weights were measured using an
electronic scale (Tanita Corporation) with a precision of
0-1 kg, and height with a standing stadiometer (Holtain) with
a precision of 0-1 cm.

For the current analysis, we included children whose
data were available for all five follow-up visits (at 6 months,
1, 2, 4-5 and 9 years) of the MINIMat study and had data on
birth anthropometry. Stunting status (HAZ <-2) of each
child was calculated using the WHO Anthro software at
each age. Children who remained stunted repeatedly at five
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Eleven unable to perform spirometry
Twenty-three missing birth anthropometries

follow-up visits were considered as persistently stunted
(PS); those who were stunted at a minimum of 1 time point
(periodic stunting) of these five follow-up visits (<5 points)
were considered as intermittently stunted (IS); and those
who never experienced stunting in any of these five
follow-up visits were considered as of normal stature
(NS). Small for gestational age (SGA) was defined if the
birth weight was within <10 percentile values of the
WHO reference®®’. During enrolment, maternal height
and weight were measured at 6-13 weeks of gestation,
and BMI was calculated using this information.

Measurement of child growth trajectory

The recorded birth weight and height were standardised
with gestational age at birth and converted to z-scores.
Weight and height at five follow-up visits were also con-
verted to z-scores. The primary exposure in the current
study was postnatal height gain that was respective for
the age according to the WHO growth standard. Catch-
up growth, also known as compensatory growth, was
considered when a child returned to his genetic trajectory
for size after a period of growth delay or growth arrest®?.
In the current study, the postnatal catch-up growth was
defined as changes in standard deviation scores for HAZ
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among children who experienced stunting between
6 months and 9years at various time (shorter) periods
(6 months-1 year, 6 months-2 years, 6 months—4-5 years).
The gain in HAZ between 6 months and 9 years that was
>0-67 sD scores was considered to indicate clinically con-
siderable catch-up in growth. A 0-67 sD score represented
the width of each percentile band on standard growth
charts, which follows 2nd to 9th percentile, 9th to 25th
percentile, 25th to 50th percentile and so on. Similarly, a
decline in HAZ of 0-67 sb score indicated growth faltering.
Above and beyond, the impact of the speed of catch-up
growth (by HAZ growth trajectory) on the state of lung
function was also checked. The speed of catch-up growth
was defined as changes in standard deviation scores for
HAZ between 6 months and 1 year, 1-2 years, 2-4-5 years
and 4-5-9 years.

Spirometry

Lung function test (forced vital capacity, FVC; forced
expiratory volume per second, FEV1-0; maximum mid-
expiratory flow, MMF; and peak expiratory flow, PEF)
using a spirometer was measured at the age of 9 years.
Children’s lung function was assessed using an electronic
spirometer (Chestgraph HI-101; CHEST Ltd) in accordance
with the American Thoracic Society (ATS) recommenda-
tion (American Thoracic Society 1995: three best measure-
ments were recorded in the recording form). To minimise
diurnal variation, lung function was measured in the morn-
ing time (09.00-11.00 hours). Children were examined by a
general physician prior to spirometry tests and were found
to be healthy, without any history of immune-related dis-
eases such as allergic disorders, cancer, type 1 diabetes,
etc. A trained technician explained the process in detail
to the children and allowed them to exercise until they felt
comfortable. Children were instructed to rest for at least
10 min after arrival at the sub-centres. The lung function
was measured in a standing position using a nose clip
and a disposable mouthpiece. Children were instructed
to breathe in as deeply as possible, following the demon-
stration and practice, and then blow as hard and long as
possible into the spirometer. Children were requested
to perform repeated FVC manoeuvers, at least three times,
and up to a maximum of eight times or until satisfactory
results were achieved (FVC and FEV1-0) agreeing within
150 ml and forced expiratory time exceeding 6 s according
to the ATS criteria (American Thoracic Society, 1995). The
research team also visually assessed the curves for
smoothness and any broken or double lines that might
occur due to a cough or any hesitation. The best trial of
each child (maximum sum of FEV1.0 and FVC) was
included in the analysis. For the current analysis, sex
and child age (age (months) at 9-year follow-up) standar-
dised mean values of each lung function indicator were
calculated from raw values.
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Data analysis

Numeric data were expressed as mean and sp and com-
pared by independent ¢ test or Mann—Whitney test or
Kruskal-Wallis test or post-hoc Bonferroni test. Categorical
data were presented as numbers and compared using x>
test. Child growth trajectory by HAZ (from 6 months to
9years) was the primary exposure of interest because,
according to the WHO malnutrition and growth concept,
in the first several years of life a child experiences the
most devastating outcome of disorder in terms of mortality
and morbidity; these are related with later growth and
development®. The values of each indicator of lung func-
tion (FVC, FEV1-0, FEV1-0/FVC ratio, MMF and PEF) were
the outcome measures. For the current study, two mean
differences were estimated by independent ¢ test, and three
or more groups’ mean differences were estimated by
ANOVA if the distribution was normal. For skewed distribu-
tion, the Kruskal-Wallis test was performed to check the
mean differences among groups. Post-hoc Bonferroni test
was performed to check groupwise mean differences in
lung function among all growth trajectory groups, that is,
mean lung function differences between NS group and
unaltered growth velocity group, or mean differences
between catch-up group and unaltered growth velocity
group, etc. Generalised linear regression models were
employed to determine the effect of catch-up growth on
lung function indices of children at 9 years. The covariates
included in the growth velocity model were parity (nullipa-
rous or multiparous), maternal age at pregnancy, maternal
height and birth weight of children standardised with gesta-
tional age at birth, history of asthma (yes or no), family his-
tory of asthma (yes or no) and reported episode of dry
cough in the past 6 months (yes or no). Covariates selected
in the regression models were based on known risk factors.
Analyses were conducted using the statistical software
package IBM SPSS Statistics version 23, and statistical sig-
nificance (two-sided) was considered at P-value <0-05.

Results

The mean age of children at the measurement of lung func-
tion was 89 (sp 0-1) years, and 48:2% were male. The
mean birth gestational week was 39-2 (sp 1-5), and 54 %
of children were born preterm (born before 37 weeks of
gestation). The mean birth weight was 2755-9 (sp 392:9) g,
and 23-6% of children were of low birth weight (LBW;
<2500 g). Among the study children, 80-7 % (n 417) were
SGA. Of these, 299% (n 122) were LBW, and 6-5%
(n 27) were preterm at birth. A total of 24-1% (n 114) chil-
dren at 6 months, 32:1 % (12 157) at 1 year, 47-3 % (n 223) at
2years, 286% (n 148) at 4-5years and 28:6% (1 148)
at 9 years of age were stunted. During all the five follow-up
visits, 8:3% (n 43) of children had PS, 46-6% (1 241)
had IS, and the rest 45-1% (1 233) had NS. Of children
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who ever experienced stunting (72 265), 219 % (1 58/265)
demonstrated catch-up growth at 9 years. Among the PS
children (1 43), only seven (16:3 %) had catch-up growth,
sixteen (37-2%) reported growth faltering, and twenty
(465 %) remained in the same growth velocity.

Growth trajectory by beight-for-age z-score
The growth of 452 children was followed from the age of
6 months to 1year. Of these children, ten (2:2%) had
catch-up growth, eighty-two (18-1 %) showed growth fal-
tering, 161 (35-6 %) remained in the same growth velocity
among those who ever experienced stunting, with 199
(44-0 %) children having normal growth (HAZ >2-0) in both
follow-ups. Among stunted children, nine (2:1 %) demon-
strated catch-up growth, 135 (31:2 %) showed growth fal-
tering, while 103 (23-8 %) remained in the same growth
velocity, and the rest 186 (43:0%) had normal growth
from 6 months to 2years of age (n 433). The growth of
472 children was tracked from the age of 6 months to
4-5years. Of the stunted group, twenty-nine (6-1%) had
catch-up growth, seventy-nine (16-7 %) reported growth
faltering, with 157 (33-3 %) maintaining the same growth
velocity and 208 (44-0 %) remaining in the NS status. In
total, 473 children were followed from the age of 6 months
to 9years. Of those with a stunted stature, fifty-eight
(12:3%) showed catch-up growth, fifty-seven (12-1 %)
demonstrated growth faltering, with 150 (31-7 %) remain-
ing in the same growth velocity, while 208 (44-0 %) had
NS status (Fig. 2).

A higher proportion of male, preterm and LBW children
showed catch-up growth in comparison to female, at-term

%

——

0 1

<
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and normal birth weight (NBW) children, respectively
(Table 1). The mean z-scores of birth weight and height
were lower in children who showed catch-up growth than
those with growth faltering or remaining in the same
growth velocity or in the NS group. Other anthropometric
mean differences among groups at different follow-up
visits are given in Table 2.

Boys showed higher lung function values compared
with girls (Table 3). The average lung function (FVC/ml,
FEV1.0/ml per s, PEF/ml per s) was lower in children
who were LBW than those who were NBW (Table 4).
The mean values of FVC/ml and FEV1-0/ml per s were
lower in PS and IS children than in NS children (Table 5).

Growth trajectory by beight-or-age with lung
Sunction

In general, significant mean differences in FVC/ml, FEV1-0/
ml per s, MMF/ml per s and PEF/ml per s values were
observed within the four comparison groups of children
who had NS throughout the study period, and who showed
catch-up growth, who remained in the same growth velocity,
as well as those who had growth faltering from the stunted
group (at different follow-up visits) (P<0-05). The FVC/
ml, FEV1.0/ml per s, MMF/ml per s and PEF/ml per s values
were also higher in stunted children who had catch-up
growth from 6 months to 45 years than did children who
showed faltering growth velocity (P <0:05). On the other
hand, in children who showed catch-up growth from
6 months to 9 years, their FVC/ml and MMF/ml per s values
were also higher than for children who remained in the same
growth velocity, and accordingly, their PEF/ml per s values

Normal
Slow-down or faltering
Unaltered

Catch-up

Growth from 6 Growth from 6

months to 1 year

Growth from 6
months to 2 years months to 4-5 years

Growth from 6
months to 9 years

Growth trajectories by height (length)

Fig. 2 (colour online) Distribution of growth trajectories in different follow-up periods. W, catch-up; M, unaltered; [, slow-down of

faltering; i, normal
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Table 1 Characteristics of study children by height-for-age growth trajectory (6 months—9 years)

Normal stature Catch-up growth Unaltered growth Faltering of growth
(n 208) (n 58) velocity (n 150) (n57)
Variables n % n % n % n % P
Sex
Male; n 231 (%) 107 514 37 63-8 63 42.0 24 421 0-022
Female; n 241 (%) 101 48-6 21 362 87 58.0 33 57.9
Gestational age at birth
Mean 394 38-4 393 393 <0-001
sD 1-4 1-9 1-4 1.7
Preterm birth (<37 weeks); 9 43 8 138 7 47 3 5.3 0.044
n 27 (%)
Birth weight (g)
Mean 29116 24799 2653-4 2809-1 <0-001
sD 358-9 363-9 377-0 3637
Low birth weight (<2500¢); n 108 (%) 18 87 29 50.0 52 347 9 15.8 <0-001
Small for gestational age; n 417 (%) 143 68-8 56 96-6 130 86-7 48 84.2 <0-001
Nulliparous; n 263 (%) 124 59-6 40 69-0 66 44.0 38 57.9 <0-001
History of asthma; n 71 (%) 23 112 15 25,9 22 150 11 196  0-037
Family history of asthma; n 86 (%) 34 167 9 155 29 195 14 25.0 0482
Child had dry cough in the past 35 171 16 28-1 24 16- 11 19. 0-236
6 months; n 86 (%)
Maternal age during pregnancy
Mean 25.9 24.5 27-3 26-9 0-009
SD 5.7 6-5 6-1 5.7
Maternal education
lliterate; n 120 (%) 35 16-8 15 259 44 29-3 26 456 <0-001
Maternal height
Mean 152.0 148-3 148-4 149.7 <0-001
sD 4.7 5-6 4.9 5.2
Maternal early-pregnancy BMI
Mean 209 20-8 20-1 20-0 0-019
sD 31 2.9 24 2:6
Maternal underweight status 46 22.1 16 276 36 24.0 18 31.6 0475

during early pregnancy; n 116 (%)

*Differences within groups estimated by 42 test and mean differences estimated by one-way ANOVA (Mann-Whitney U test).

Table 2 Children’s growth (z-score) at five follow-up visits by height-for-age growth trajectory (6 months—9 years)

Normal stature Catch-up growth Unaltered growth Faltering of
(n208) (n58) velocity (n 150) growth (n 57)
Mean SD Mean SD Mean SD Mean SD P

Birth (n 473)

Weight z-score 0-09 0-93 —0-50 119 0-04 0-95 0-08 113 0-009

Height z-score 0-09 0-92 —-0-51 1.23 0-04 0-95 0-07 113 0-009
6 months (n 473)

Weight z-score 0-57 0-93 —0-50 0-80 —0-51 077 —0-30 0-87 <0-001

Height z-score 0-66 0-83 -0-83 0-75 -0-58 0-82 -0-11 0-66 <0-001

Height for age z-score -0-62 0-68 —2-55 0.77 -1.82 0-63 -1.05 0-63 <0-001

BMI for age z-score -0-14 1.04 -0-31 114 -0-61 1.05 -0-76 113 <0-001
1year (n451)

Weight z-score 0-66 0-86 —0-38 0-88 —0-62 074 -0-32 0-87 <0-001

Height z-score 0-76 0-75 —0-59 0-88 —0-68 0-75 —0-31 0-64 <0-001

Height for age z-score -0-84 0-66 -2-39 0.77 —2.22 0-66 -1.86 0-62 <0-001

BMI for age z-score —0-05 0-89 —0-36 0-94 —0-68 0-95 —0-62 1-11 <0-001
2years (n 433)

Weight z-score 0-62 0-90 -0-07 0-99 —0-61 0-71 —0-46 0-78 <0-001

Height z-score 0-81 0-71 -0-30 0-80 -0-76 0-70 -0-50 0-63 <0-001

Height for age z-score -113 0-62 —2:29 0-78 —2-62 0-60 —2.37 0-58 <0-001

BMI for age z-score -0-36 0-99 -0-35 1.05 -0-62 0-85 -0-66 0-97 0-309
4-5years (n 473)

Weight z-score 0-60 0-88 -0-16 0-99 -0-57 0-74 -0-51 0-86 <0-001

Height z-score 0-73 0-74 —-0-21 0-91 —0-66 072 —0-70 0-69 <0-001

Height for age z-score -0-92 0-62 -1.72 0-80 —2:13 0-61 —2.22 0-57 <0-001

BMI for age z-score -1-08 0-79 -1.19 0-86 -1.26 0-71 -1.15 0-91 0-132
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Table 2 Continued
Normal stature Catch-up growth Unaltered growth Faltering of
(n208) (n 58) velocity (n 150) growth (n 57)
Mean SD Mean SD Mean SD Mean SD P*
9years (n 473)
Weight z-score 0-51 1.07 0-11 1.07 -0-45 0-63 -0.72 0-56 <0-001
Height z-score 0-70 0-72 0-01 0-92 —0-58 0-72 -1.06 0-68 <0-001
Height for age z-score -0-69 0-64 -1-30 0-84 -1.85 0-64 —2.28 0-59 <0-001
BMI for age z-score -1.13 119 -1.18 1-24 -1-51 0-92 —-1.56 111 0-008
*The Kruskal-Wallis test.
Table 3 Means of lung function indicators by child’s sex
Male (n 254) Female (n 263)
Lung function Mean SD Mean SD P
FVC (ml) 1185-1 239-8 1057-9 219-8 <0-001
FEV1.0 (ml/s) 1164-8 230-3 1040-8 222.2 <0-001
FEV1-0/FVC ratio (%) 98-4 32 98-4 5-6 0-923
MMF (ml/s) 2085-9 533-2 1953-5 568-9 0-007
PEF (ml/s) 27457 682-0 2426-0 614-6 <0-001

FVC, forced vital capacity; FEV1-0, forced expiratory volume per second; MMF, maximum mid-expiratory flow; PEF, peak expiratory flow.

*The independent t test.

Table 4 Means of lung function indicators by child’s birth weight status and term of birth

Lung function* Mean SD Mean SD Pt
LBW (n 122) NBW (n 395)
FVC (ml) 1105-6 87-0 1124.9 82-8 0-026
FEV1-0 (ml/s) 1087-1 84.2 1106-3 79-0 0-022
FEV1.0/FVC ratio (%) 984 0-69 98-4 0-87 0-590
MMF (ml/s) 2000-6 1255 2024-1 140-6 0-100
PEF (ml/s) 2546-2 200-5 2594-4 230-0 0-038
Preterm birth (n 28) Term birth (n 489)

FVC (ml) 1093-9 787 1121.9 84.3 0-086
FEV1-0 (ml/s) 1075-8 78-4 1103-3 80-6 0-080
FEV1-0/FVC ratio (%) 98-4 0-66 98-5 0-85 0-635
MMF (ml/s) 1987-5 122.2 2020-3 138-2 0-220
PEF (ml/s) 2518-4 202-6 2586-8 224-9 0-116

LBW, low birth weight; NBW, normal birth weight; FVC, forced vital capacity; FEV1-0, forced expiratory volume per second; MMF, maximum mid-
expiratory flow; PEF, peak expiratory flow.
*Mean values of lung function were standardised with sex and child’s age (months) at 9-year follow-up.

1The independent ¢ test.

Table 5 Means of lung function indicators by chronic malnutrition trajectory

Persistently stunted

Intermittently

Normal stature

(n 43) stunted (n 241) (n233)
Lung function* Mean sSD Mean sSD Mean SD Pt
FVC (ml) 1091-5 113.0 1113-8 72-8 1132.6 87-2 0-003
FEV1.0 (ml/s) 1073-6 108-9 1095.-5 703 11136 829 0-003
FEV1-0/FVC ratio (%) 98-5 0-69 98-5 0-67 98-5 1.0 0-971
MMF (ml/s) 2004-6 116-2 20119 121.2 2028-0 155.7 0-350
PEF (ml/s) 25891 1954 2565-7 209-9 2599-9 2422 0-247

FVC, forced vital capacity; FEV1-0, forced expiratory volume per second; MMF, maximum mid-expiratory flow; PEF, peak expiratory flow.
*Mean values of lung function were standardised with sex and child’s age (months) at 9-year follow-up.
1The Mann-Whitney U test.
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Table 6 Means of lung function indicators by height-for-age growth trajectory

Unaltered growth

Normal stature Catch-up growth velocity Faltering of growth
Lung function* Mean SD Mean SD Mean SD Mean SD Pt
6 months—1 year n 199 n10 n 161 n 82
(n 452)
FVC (ml) 1135-3 89-6 1140-2 1050 1105-82 78-9 1112-3 807 0-007
FEV1.-0 (ml/s) 1115.9 85-3 1120-9 992 1086-72 77-0 1095-9 76-8 0-006
FEV1.0/FVC 98-4 1.04 985 0-58 98-4 0-70 986 0-66 0-191
ratio (%)
MMF (ml/s) 2030-5 163.7 2067-7 121.0 2008-7 119-4 2008-5 1241 0-287
PEF (ml/s) 2608-3 250-4 2698-4 166-5 2566-6 2146 2556-9 199.7 0-079
6 months—2 years n 186 n9 n 206 n211
(n 433)
FVC (ml) 11311 87-3 1158-8 82-8 1111.5 76-8 1099.7° 83-6 0-004
FEV1.0 (ml/s) 1137.0 78-2 1091-6 76-4 1083-2 79-5 1099-0° 82.2 0-005
FEV1.0/FVC 98-5 0-70 98-3 0-66 98-3 073 98.6° 0-64 0-009
ratio (%)
MMF (ml/s) 2031-4 156-1 20349 1393 20287 106-8 1991.0 1233 0-048
PEF (ml/s) 2600-2 250-9 2608-5 231-3 2604-5 208-8 2531-6° 1993 0-030
6 months—4-5 years n 207 n29 n 157 n79
(n472)
FVC (ml) 1135-8 88-5 1146-9 75-2 1109-72 74-4 1090-1%4 893 <0-001
FEV1.-0 (ml/s) 1116-4 84-4 1126-4 734 1090-92 73-0 10737 84-9 <0-001
FEV1.0/FVC 98-4 1.0 98-4 0-70 98-4 0-67 986 0-70 0-228
ratio (%)
MMF (ml/s) 2030-5 161-4 2068-7 111.9 2013-7 109-3 1981.4°d 1339 0-011
PEF (ml/s) 2608-4 246-9 2663-3 186-6 2581-1 202-7 2500-8" 205-8 0-001
6 months—9 years n 208 n 58 n 150 n57
(n473)
FVC (ml) 11354 88-6 1134-3 717 1098.9%¢ 821 1104-9 80-5 <0-001
FEV1.-0 (ml/s) 1115.9 84-4 1113-8 711 1081-42 797 1086-9 76-0 <0-001
FEV1.0/FVC 984 1.0 98-3 0-67 98-5 0-67 98-5 073 0-427
ratio (%)
MMF (ml/s) 2029-6 161-5 2054-5 113-3 2005-5° 121-8 19771 108-6 0-009
PEF (ml/s) 2606-9 2472 2635-8 1921 25597 207-0 2512.3% 206-5 0-005

FVC, forced vital capacity; FEV1-0, forced expiratory volume per second; MMF, maximum mid-expiratory flow; PEF, peak expiratory flow.
*Mean values of lung function were standardised with sex and child’s age (months) at 9-year follow-up.

1The Mann-Whitney U test.

aSignificant mean differences between normal stature and unaltered growth velocity groups, P < 0-05 (Bonferroni test).
bSignificant mean differences between normal stature and growth faltering groups, P < 0-05 (Bonferroni test).
°Significant mean differences between catch-up and unaltered growth velocity groups, P < 0-05 (Bonferroni test).
9Significant mean differences between catch-up and growth faltering groups, P < 0-05 (Bonferroni test).

€Significant mean differences between unaltered growth velocity and growth faltering groups, P < 0-05 (Bonferroni test).

were also higher than that of children who had faltered
growth. In contrast, the mean values of FVC/ml, FEV1-0/ml
per s, MMF/ml per s and PEF/ml per s were identical between
children who had NS and who showed catch-up growth from
the stunted group (Table 6).

The FVC/ml, FEV1-0/ml per s and PEF/ml per s values
were higher in children who demonstrated NS from the
age of 1-2years than that of children who had faltered
growth (P<0-05). The mean differences in FVC/ml,
FEV1-0/ml per s, MMF/ml per s and PEF/ml per s values
were observed within the NS group, catch-up group and
children who remained in the same growth velocity from
the age of 2-4-5years (P < 0:05). Nevertheless, the mean
values of FVC/ml and FEV1-0/ml per s were lower in chil-
dren who demonstrated catch-up growth from the age of
4-5-9 years than that of children who maintained NS, those
who remained in the same growth velocity as well as those
who had faltering growth (online Supplemental Table 1).
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The adjusted regression coefficient also showed similar asso-
ciations, indicating that the average lung function indices
(FVC/ml, FEV1-0/ml per s, MMF/ml per s and PEF/ml per s)
of children who experienced catch-up growth from the
stunted group (at different ages during follow-up visits) were
similar to that of NS children and better than that of stunted
children who maintained the same growth velocity or had
growth faltering (Table 7).

Discussion

This birth cohort study has revealed that stunted children
with catch-up growth in HAZ especially before the age
of 4.5 years had significantly improved lung function indi-
ces that were similar to that of NS children at the age of
9 years. In the current study, it was observed that children
with PS throughout childhood had a greater reduction in
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Table 7 Association between lung function indicators and height-for-age growth trajectory

Lung function (estimated p coefficient with 95 % CI and P value)*

FVC (ml) FEV1-0 (ml/s) FEV1-0/FVC ratio MMF (ml/s) PEF (ml/s)
Growth trajectory s 95 % Cl P value s 95 % ClI P value p 95 % ClI P p 95 % ClI P p 95 % ClI P
6 months—1 yeart
Unadjusted
Catch-up growth 4.9 -58.1,67-9 0-878 5.0 -54.5,64-5 0-869 0-06 -0-32,043 0-764 372 -37-5,111.9 0-329 90-1 -13.8, 1939  0-089
Unaltered growth velocity —29-5 —46-9, -12-1 0-001 -29-2 -459,-12,5 0-001 -0.04 -0-22,0-14 0673 -21.8 -50-9,75 0-144 -41.7 -89-6, 6-2 0-088
Faltering of growth —-22.9 -44.3,-1-6 0-035 -19-9 -40-2, 0-41 0.055 0-06 0.01,041 0-044 -219 -57.0,13.1 0219 -514 -106-6, 3-8 0-068
Adjustedt
Catch-up growth -34 -66-9, 60-0 0915 -2.5 -62.9,57-9 0935 013 -0-24,0-51 0.764 342 -39-4,107-8 0-362 78-3 -29-1,185-6  0-153
Unaltered growth velocity -32.2 -51-4,-129 0.001 -31.3 -50-0,-12.6 0-001 0-01 -0-17,020 0-878 -22-1 -53.3,8:9 0-163 439 -98.9, 11.0 0-117
Faltering of growth -19.6 -39.9, 0-73 0-059 -16-3 -35-7, 31 0-100 023 0.04,042 0-018 -21.5 -57.0,14.1 0237 488 -106-8,9-2 0-099
6 months—2 yearst
Unadjusted
Catch-up growth 27-8 -24.8,80-3 0-300 24.3 -254,74.0 0-338 -0-19 -0.61,0-23 0-371 3.6 -850,92.3 0-936 8.3 -1386, 155:3 0911
Unaltered growth velocity -19-6 -38.9,-0-23 0.047 -21.1 -40-2,-2-0 0-030 -0-18 -0-36,-0-01 0.038 -2-6 -33-0,27-7 0-864 4.3 —49.5, 58.2 0-875
Faltering of growth -31.3 -50-1,-12.5 0-001 -29-5 -47.6,-114 0-001 0-12 -0-08,0-27 0-120 —-40-3 -70-8,—9-8 0-010 -685 -117.7,-19-4 0-006
Adjustedt
Catch-up growth 21-6 -31.6,74.8 0-427 185 -31.9,68.9 0472 -0-15 -0.59,0-30 0-512 5.5 -80-8,91-7 0-901 0-33 -143-4, 1441  0-996
Unaltered growth velocity -23-3 —-44.9,-1.7 0-035 -23.9 -45.2,-2:6 0.028 -0-10 -0-29,0-08 0261 -5.8 -39.0,27-4 0-731 -0-55 -63-4, 62-3 0-986
Faltering of growth -31.6 -51.2,-12.0 0-002 -29-3 -48.3,-10-3 0-003 0-16 0-01,0-32 0-041 -406 -72.0,—9-1 0.012 -72.4 -126.0,-18-9 0-008
6 months—4-5 yearst
Unadjusted
Catch-up growth 11.2 -18.3,40-6 0-457 10-0 -18-6, 387 0469 -0-08 -0-37,0-21 0591 382 -7.5,839 0-101 54.9 -19.8,129.6  0-150
Unaltered growth velocity —26-1 —42-8, -9-3 0-002 -25-6 —41.7,-94 0-002 -0-02 -0-20,0-15 0.792 -16-7 —-44.5,11.1 0238 -27-3 -73-4,18-8 0-246
Faltering of growth -45.7 -68-6, 227 <0-001 -42.7 -64.5,-20-8 <0-001 0-20 -0-01,0-41 0-061 -49.0 -85.7,-12.4 0.009 -107-5 -163-8,-51-3 <0-001
Adjustedf
Catch-up growth 2.3 295,342 0-885 2.6 —28-4, 336 0-870 0-04 -0-26,0-34 0803 362 -13.7,86-1 0-155 43-4 -38-5,125:3  0-299
Unaltered growth velocity —28-0 —46-8, -9-2 0-004 -27-0 —-45-3,-87 0-004 0-01 -0-16,0-19 0-884 -17-3 —-44.8,12.3 0252 -26-0 -79-3, 27-3 0-339
Faltering of growth -43.6 -65-3,—21-9 <0-001 -40-1 -60-9,-194 <0-001 0-24 0-04,044 0-017 -51.5 -88.5,-14.5 0.006 -112.0 -170-1,-53-9 <0-001
6 months—9 yearst
Unadjusted
Catch-up growth -1.0 —22.9, 20-9 0928 -2.2 -23.7,19:2 0-838 —-0-12 -0-34,0-10 0272 249 -114,612 0-179 28-8 -30-6, 88-2 0-341
Unaltered growth velocity -36-5 -54.3,-18.7 <0.001 -34.6 -51.7,-17.5 <0.001 0-08 -0.09,0-26 0-353 -24.1 -53.4, 5.1 0-106 —47-2 -94.3,-0-16  0-049
Faltering growth -30-4 -54.4,-65 0-013 -29-1 -51.8,-17,5 0.012 0.07 -0-16,0-31 0.-554 -52.5 -87.9,-16-9 0-004 -94.7 -157.5,-31.9 0.003
Adjustedf
Catch-up growth -84 -33.6, 16-8 0-515 -8.0 -32.5,16-5 0-523 0-01 -0-24,025 0967 239 -172,649 0-255 20-4 —48.-5, 89-2 0-562
Unaltered growth velocity -35-7 -54.3,-17.1 <0.001 -33.7 -51.8,-15.7 <0-001 0-10 -0-07,0-27 0266 -252 -54.8,4.4 0-095 -46-2 -99:4, 71 0-089
Faltering of growth -33-3 -584, -8-1 0-010 -31.2 -551,-7.2 0.011  0-14 -0.09,0-37 0224 -56.0 -92.7,-19-5 0-008 -101-8 -167.2,-36-4 0-002

FVC, forced vital capacity; FEV1-0, forced expiratory volume per second; MMF, maximum mid-expiratory flow; PEF, peak expiratory flow.
*Mean values of lung function were standardised with sex and child’s age (months) at 9-year follow-up.

tReferenced for normal growth.

tAdjusted variables; longitudinal growth trends, birth weight standardised with gestational age, parity, history of asthma, child-reported dry cough in the past 6 months, family history of asthma, maternal height and maternal age at pregnancy.
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lung function indices at preadolescent age. A higher pro-
portion of children had growth faltering at the age of 2 years
and their lung function value was lower, indicating a higher
risk for future lung diseases. This early-life growth faltering
possibly affects a crucial stage of lung growth and develop-
ment, as generations of twenty-three airways and formations
of 300 million alveoli occur within the first 2-3 years of
human life®?. In healthy children, lung volume increases
and reaches its determined size in late adolescence, then
begins to decline steadily with increasing age®, because
lung function also follows the same timeline of growth.
Research indicates that early childhood growth is an impor-
tant determinant of suboptimal lung function in later
adulthood®®, and such early decline in lung function is asso-
ciated with the subsequent development of chronic airflow
obstruction®”. Supporting the statement, the current study
confirms that children who had growth faltering in all growth
measurement trajectories demonstrated the lowest lung
capacity at preadolescence. The aforementioned observa-
tions indicate that the risk of disease progression might
increase with increasing age in children particularly with
growth deprivation in early childhood. In contrast, children
who reach a clinical normal growth (height-for-age) level at
preschool age and demonstrate comparable lung function
status with NS children may show an equal amount of res-
piratory activities of NS children in adulthood.

In the current study, a higher proportion of children
showed catch-up growth from the age of 2-9 years (mostly
at 4-5years), while catch-up growth before the age of
4-5years had more impact on lung function than that at
the age of 9years. Earlier studies reported that catch-up
growth (by weight) in early life may be detrimental to later
lung function’*?®_ Children with a steady weight gain have
shown a greater increase in FEV1.0 than those with peri-
odic losses in weight'?, which was observed for growing
height (6 months-9 years) in the current study, indicating
that children with catch-up growth in HAZ demonstrated
improved exhaling capabilities. Thus, catch-up growth,
especially at preschool age, had a greater impact on the
improvement of lung function, which may eventually
reduce the progression and disease severity later in life.

Stunting, a hallmark of chronic malnutrition, represents
a systemic dysfunction during an important phase of physi-
cal development. The current study, similar to others, also
observed deteriorating lung function in stunted children at
the age of 9 years®®, along with a new observation that PS
children had even a greater reduction in lung function
(FFV1-0). Nearly half of the MINIMat children experienced
atleast an episode of stunting phenomenon up to 9 years of
age, whereas a limited number of stunted children man-
aged to catch up in growth during the study period.
Thus, children with a higher growth faltering velocity gen-
erally had poor lung function in comparison to NS children.
On the other hand, a higher proportion of preterm, SGA
and LBW children showed a catch-up in growth at the
age of 9 years, as these children with adverse birth events
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tended to return to their genetic trajectory for size after a
period of delayed or arrested growth?. Our findings on
chronic malnutrition, such as stunting, LBW and lung func-
tion, are broadly consistent with previous studies that have
reported that undernutrition and LBW could lead to a more
advanced change in lung structure and function’3?>. Such
alterations can adversely influence respiratory health
throughout the lifespan®>3?,

Postnatal undernutrition can create significant changes in
lung function beyond merely an effect on lung size®'-33.,
The current study observed a poor lung function among
height-deprived growing children, in whom limb growth
was compromised during or after an episode of growth fal-
tering. Thus, these findings partly support the thrifty pheno-
type hypothesis that underlines that deprived growth is often
linked with selective preservation of vital organs at the
expense of other organs and tissues®*3>. A prime function
of the lung is to maintain oxygen supply to organs and tis-
sues, especially the brain; however, in height-compromised
children with shorter legs but preserved upper body height,
lung function may be preserved by decreasing the ‘load’ on
the lungs®®3”. Therefore, a well-maintained lung function is
needed in order to support brain energy metabolism3%3®,
Stunted children have a higher respiratory quotient (ratio
of CO, produced to O, consumed while food is being
metabolised) in the fasting state or 30 min after a meal as
a consequence of altered metabolism compared with NS
children®. Both undernutrition and growth restriction are
related to the weakening of pulmonary function in a vicious
circle, which was observed in the current study“®.

The findings of the current study raise concerns that a
higher proportion of children could neither manage to
acquire catch-up growth nor were able to maintain the
same growth velocity at preschool age (4-5 years), whereas
their growth restriction was associated with compromised
lung function at preadolescence. Therefore, their disease
progression and disease susceptibility might be different
at adulthood and that is attributable to the global threat
of increasing chronic disease prevalence. A poorer lung
function remains the basis of COPD diagnosis and a key
predictor of disease prognosis™®". Smoking, malnutrition,
early-life infections, asthma and genetic predisposition
are also important risk factors for COPD. According to
the WHO, the global trend for COPD has been rising in
many countries. In 2015, 3-17 million global deaths
were attributed to COPD alone, where >90% of COPD
deaths occurred in low and middle-income countries?.
A hospital-based study reported that the prevalence of
COPD was 13-5% among Bangladeshi adults (>40 years),
which is also an unacceptably underestimated public health
problem in Bangladesh®. With the findings of the current
study, it is predictable that a higher number of MINIMat
children who ever experienced stunting may experience a
pulmonary disease in later life, which may also be true
countrywide in Bangladesh with chronic undernutrition as
a common phenomenon.
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A major strength of the current study is its prospective
design with multiple follow-up visits from birth to preadoles-
cence. However, the current study had certain limitations.
As with most previous studies, lung function was measured
only once, and there was a lack of data on plethysmography,
an essential diagnostic method of restrictive lung disease.
The current study observed mean differences in lung func-
tion indicators by child’s sex. However, the current study did
not have enough power to perform a stratified analysis by
child’s sex to examine the association between lung function
and child’s growth trajectory. Therefore, child sex and age
((in months) at 9-year follow-up) standardised mean values
of each lung function indicator were calculated from raw
values and used in the current analysis (except for raw lung
values presented in Table 3). Furthermore, the MINIMat
study participants from group A and group B belonged to
the same locality, same culture and almost from the
same socioeconomic strata. Therefore, no sensitivity analysis
was conducted to examine sociodemographic differentials
between group A and group B participants. Data on growth
indicators for group B were not available. Information on
maternal smoking during pregnancy is not common in
Bangladesh’s sociodemographic perspective. In the MINIMat
project, 0-05% reported smoking on a daily basis during
pregnancy. However, an earlier study has stated that the
explored relationship was independent of maternal smoking
status at pregnancy®®. Another limitation of the current study
was the absenteeism of some participants at every follow-up
visit, but these missing data were not accounted for into the
analysis. The current study adds to the evidence that the
initiation of respiratory disease risk might be determined in
early childhood with a poor performance of lung function.
Thus, the current study advocates the need for preventive
measures for LBW, growth-restricted and chronically
undernourished children in future health services delivery.
In response to the growing burden of non-communicable
chronic diseases, the current study recommends identifying
and monitoring high-risk children and the development
of preventive strategies to reduce the burden of non-
communicable diseases or slow down their progression
and the detrimental aftereffects of associated risk factors.

Conclusions

Our data suggest that catch-up growth and/or recovery from
stunting at preschool age is associated with better lung func-
tion at preadolescence. This observation underscores the
importance of adopting potential life-course strategies aim-
ing to prevent stunting as well as lung disease progression.
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