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Rationale: Greater early fetal size is associated with reduced asthma
risk and improved lung function in early childhood.

Objectives: To test the hypothesis that associations between early
fetal size, asthma symptoms, and lung function persist into later
childhood.

Methods: In a longitudinal study, first- and second-trimester fetal
measurements were recorded. At 10 years of age a respiratory ques-
tionnaire was completed. Spirometry, bronchial challenge, and skin
prick testing were undertaken in a subset.

Measurements and Main Results: Fetal measurements were available in
the first trimester for 853 individuals and the second trimester for
1,453. Questionnaires were returned for 927 children and 449 un-
derwent detailed phenotyping. For each millimeter increase in first-
trimester size, asthma risk reduced by 6% (95% confidence interval
[CI], 1-11) and FEV, was higher by an average of 6 ml (95% Cl, 1-11).
First-trimester size was reduced in those with asthma at both 5 and
10 years compared with early or late onset wheeze (P < 0.02). Com-
pared with persistent high growth in first and second trimesters,
persistent low growth was associated with increased asthma risk
(odds ratio, 2.8; 95% Cl, 1.2-6.9) and a mean reduction in FEV; of
103 ml (95% Cl, 13-194), whereas increasing fetal size was associ-
ated with increased eczema risk (odds ratio, 2.5; 95% Cl, 1.2-5.3).
Conclusions: Reduced fetal size from the first trimester is associated
with increased risk for asthma and obstructed lung function in child-
hood. Relative change in size after the first trimester is associated
with eczema.
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The associations between reduced fetal size at birth, asthma (1),
and reduced lung function (2-4) in adulthood suggest that an-
tenatal factors determine asthma risk many years after delivery.
Several antenatal exposures have now been associated with re-
duced fetal size and childhood asthma (5-7). For example, preg-
nant women who smoke (5), whose diet is insufficient in certain
nutrients (6), and who have complications of pregnancy (7) are
at risk of delivering smaller infants at increased risk for asthma
in childhood. Understanding when the relationship between fe-
tal size and asthma outcomes is established will give insight into

(Received in original form December 24, 2010; accepted in final form May 26, 2011)
Supported by the Medical Research Council and Tenovus Scotland.

Author contributions: S.T., N.P., and G.D. conceived the idea and wrote the
manuscript; conception and design, S.T., N.P., G.D., and A.S.; analysis and in-
terpretation, S.T., G.D., A.S., and G.Mc.N.; drafting the manuscript for important
intellectual content, S.T., G.D., and A.S.; data collection, N.P., K.A., and R.C. All
authors contributed to the maintenance of the birth cohort and paper.

Correspondence and requests for reprints should be addressed to Steve Turner,
M.B.B.S., M.R.C.P., Department of Child Health, University of Aberdeen, Royal
Aberdeen Children’s Hospital, Foresterhill, Aberdeen AB25 2ZG, UK. E-mail: s.w.
turner@abdn.ac.uk

This article has an online supplement, which is accessible from this issue’s table of
contents at www.atsjournals.org

Am ] Respir Crit Care Med Vol 184. pp 407-413, 2011

Originally Published in Press as DOI: 10.1164/rccm.201012-20750C on June 3, 2011
Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Longer first-trimester fetal size is known to be associated
with increased risk for asthma in early childhood.

What This Study Adds to the Field

The relationship between longer fetal size in the first tri-
mester and childhood asthma symptoms persists to age 10
years. In contrast, eczema and hay fever are associated with
changes in fetal size after the first trimester.

asthma etiology and be relevant to intervention studies aimed at
asthma prevention.

Recently two groups, including ours, have described an ap-
parent protective effect of longer first- and second-trimester
fetal size on the development of asthma symptoms at 3 (8)
and 5 (9) years of age. Reduced first-trimester maternal plasma
a-tocopherol (9) and maternal smoking beyond the second tri-
mester (5) are associated with reduced fetal size in the first and
second trimesters, respectively, and may be relevant to the un-
derlying mechanism. These studies provide insight into when
critical exposures might be occurring in the context of asthma
pathogenesis but are limited in their relatively short follow-up
because asthma symptoms in 3 and 5 year olds can be transient
in some individuals and many children develop asthma after 5
years of age (10).

The 10-year follow-up of our birth cohort is now complete and
here we test the hypothesis that longer early fetal size is associ-
ated with reduced asthma and increased FEV, in 10-year-olds.

METHODS

Study Design

A birth cohort study was recruited between 1997 and 1999. First- and
second-trimester fetal measurements were collected. At age 10 years
a postal respiratory questionnaire (International Study of Asthma
and Allergy in Children [11]) was completed and participants were
invited to attend for a detailed clinical assessment. The study was
approved by the North of Scotland Research Ethics Committee,
written parental consent was obtained, and children gave verbal
assent.

Recruitment

Mothers attending an antenatal clinic were invited to enroll in a longi-
tudinal cohort study designed to relate maternal dietary exposures to
childhood asthma. There was no prior selection for parental asthma
or allergy. Fuller details of recruitment have been presented elsewhere
(12). Mothers who agreed to participate completed a detailed ques-
tionnaire from which details of maternal smoking and asthma were
obtained.
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Fetal Measurements

These were obtained as part of routine antenatal care in our institu-
tion. The first-trimester measurement was crown rump length (CRL)
and second-trimester measurements were femur length (FL) and
biparietal diameter (BPD). The fetal and neonatal measurements
were expressed as raw data and z scores using published equations
(13-16). The interobserver coefficient of variation for CRL meas-
urements is between 8% and 10% (17). Additional detail on the
method for making these measurements is provided in the online
supplement.

Assessment at Age 10 Years

A postal questionnaire that included questions used for the 5-year
follow-up of this cohort was used. Active asthma was defined as
doctor-diagnosed asthma plus wheeze in the previous 12 months.
Asthma medications was defined as an affirmative response to the
question “has your child been prescribed medicines/inhalers for
asthma in the last 12 months?”. Participants were invited to attend
the hospital for a detailed assessment. First, exhaled nitric oxide was
measured using an on-line chemiluminescence analyzer (NIOX;
Aerocrine, Solna, Sweden) in accordance with international recom-
mendations (18). Spirometry was measured using a pneumotacho-
graph (21/20; Vitalograph, Bucks, UK) with incentive software
(Spirotrac IV version 4.22; Vitalograph) and application of standard
quality control (19). An inhaled methacholine challenge was completed
and additional detail on the method for making this measurement is
provided in the online supplement. A methacholine dose-response
slope was calculated; a higher dose-response ratio (DRR) indicates
increased reactivity. The skin prick test was used to determine reactiv-
ity to common allergens (house dust mite, cat, dog, grass, egg, and
peanut; ALK Abello, Northampton, UK). Positive and negative con-
trols were used and atopy was defined as a weal greater than or equal
to 3 mm to any allergen.

Statistics

The chi-square test and Student ¢ test were used where appropriate to
determine differences between the individuals who were enrolled who did
and did not participate in the 10-year follow-up. As previously (9), results
are presented with and without inclusion of individuals with low birth
weight who are at risk of reduced lung function (20). Individuals were
dichotomized about the median z score for fetal measurement and placed
into one of four resulting groups: (7) persistent high growth (e.g., high
CRL and BPD); (2) growth deceleration (e.g., high CRL and low BPD);
(3) growth acceleration (e.g., low CRL and high BPD); and (4) persistent
low growth (e.g., low CRL and BPD). Logistic regression models were
used to relate fetal size and relative change in fetal size to respiratory
symptoms and atopy adjusting for the same covariates used previously (9)
and listed in the legends for relevant tables. Multivariate linear regression
models were created to relate fetal size and relative change in fetal size to
spirometry, log transformed FEyn(, and methacholine DRR adjusting for
covariates previously considered (9) and listed in the legends for relevant
tables. Repeated measures analysis was used to determine differences in
% FEV; at ages 5 and 10 years between groups defined by CRL quartiles
while adjusting for maternal smoking, maternal asthma, and Scottish In-
dex of Multiple Deprivations (an index of socioeconomic status). Stan-
dard statistical software was used (SPSS version 18; IBM, Chicago, IL)
and significance was assumed at P less than 0.05.

RESULTS

Participants

There were 1,924 live-born singletons of whom 1,840 were born
in Aberdeen, United Kingdom, and birth weight recorded (in-
cluding 97 with low birth weight). Among those with normal
birth weight (i.e., = 2.5 kg), CRL was recorded in 853, BPD
in 1,453, and FL in 1,437. Asthma symptom questionnaires were
returned by 927 individuals of whom 449 attended for clinical
assessment. Table 1 compares outcomes for the whole study

population with the 204 individuals in whom CRL was deter-
mined in the first trimester and FEV; determined at 10 years of
age; the subset was enriched with individuals whose mothers did
not smoke and who were larger in the second trimester.

Asthma Outcomes and Fetal Size

For each millimeter increase in first-trimester size, there was a 6%
reduction in risk for asthma in the previous 12 months (95% con-
fidence interval [CI], 1-11; P = 0.03) and a 6% reduction in risk
for wheeze in the previous 12 months (95% CI, 0-11; P = 0.04)
(Table 2). For each millimeter increase in CRL, FEV; was higher
by an average of 6 ml (95% CI, 1-11; P = 0.03) and FVC by 6 ml
(95% CI, 1-11; P = 0.03). For each millimeter increase in second-
trimester size (BPD), there was a 13% reduction in risk for active
asthma (95% CI, 1-23; P = 0.04). For each millimeter increase in
BPD, there were increases in FEV; (P = 0.001); FVC (P =
0.003); and forced expiratory flow, midexpiratory phase (P =
0.02) (Table 2). There were no associations between FL and out-
comes. An increase of one CRL z score was associated with
a mean increase in % FEV; of 1.8 (95% CI, 0.3-3.5; P = 0.03)
and an increase of one BPD z score was associated with a mean
increase in % FVC of 3.4 (95% CI, 0.2-6.6; P = 0.04).

There were no associations between first- or second-trimester
fetal measurement and atopy, methacholine DRR, or FEno. An
interaction was sought between sex and fetal measurement for
asthma outcomes at age 10 years; the impact between fetal mea-
surements and asthma outcomes was similar for males and
females. Table E1 in the online supplement presents results
for the whole cohort (i.e., including low birth weight); the
results were not substantially different from the results in Table
2. At birth, crown heel length and birth weight (but not occipi-
tofrontal circumference) were positively associated with FEV,
and FVC and there was a trend (P = 0.06) for reduced crown
heel length to be associated with increased risk for receipt of
asthma medications at age 11 years (see Table E2). The rela-
tionship between FEV; and crown heel length was nonsignifi-
cant (P = 0.10) when CRL (P = 0.03) was introduced to the
model. Relationships between FEV; and birth weight and FVC
and crown heel length and birth weight remained significant
when CRL was also considered; in these models CRL was also
significantly related to lung function.

Asthma Outcomes and Relative Change in Fetal Size

CRL and BPD. These results are presented in Table 3. Those
with persistent low growth were at increased risk for diagnosed
asthma (P = 0.02) and active asthma (P = 0.01) and also had
reduced FEV; and FVC (P < 0.03) compared with those with
persistent high growth. Those with persistent high growth had
a mean increased % FEV; of 4.5 (95% CI, 0.2-8.8; P = 0.04)
and % FVC of 8 (95% CI 0-8.0; P = 0.05) compared with those
with persistent low growth. Those with growth deceleration
were at reduced risk for hay fever (P = 0.03) and had reduced
FVC (P = 0.04) compared with the reference group. Those with
growth acceleration had increased risk for active asthma (P =
0.02) and eczema (P = 0.01).

CRL and FL. These results are presented in Table E3. Persis-
tent low growth was associated with increased risk for asthma
(odds ratio [OR], 4.9; 95% CI, 1.8-13.5; P = 0.002) and receipt
of asthma medications in the last year (OR, 4.3; 95% CI, 1.5-
12.8; P = 0.009) when compared with persistent high growth.
Growth acceleration was associated with increased asthma
(OR, 4.2; 95% CI, 1.3-13.9; P = 0.02), receipt of asthma med-
ications (OR, 4.5; 95% CI, 1.3-16.2; P = 0.02), increased ec-
zema (OR, 2.3; 95% CI, 1-5.3; P = 0.04), and reduced FEV;
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TABLE 1. COMPARISON OF OUTCOMES BETWEEN INDIVIDUALS WHERE MEASUREMENTS OF
CROWN-RUMP LENGTH AT 10-WEEK GESTATION AND FEV; AT 10 YEARS OF AGE WERE BOTH AVAILABLE
AND THE WHOLE COHORT

Both CRL and FEV; Measured (n = 204) Whole Cohort
Male sex 47% (96/204) 51% (912/1,797)
Maternal smoking during pregnancy 16% (33/204)* 30% (593/1,999)
History of maternal asthma 14% (28/204) 17% (334/1,999)
Mean CRL (SD), mm 45 (13), n = 204 44 (13), n =903
Mean CRL length z-score 0.71 0.72
Mean biparietal diameter (SD), mm 48 (3), n =192 48 (3), n = 1,560
Mean biparietal diameter z-score 0.60" 0.43
Mean femur length (SD), mm 33 (3),n =188 33 (3), n=1,544
Mean femur length z-score 0.71% 0.56
Median gestation at term (range), wk 40 (35-42) 40 (26-42)
Mean birth weight (SD), g 3541 (467) 3,502 (476) n = 1,743
Ever wheeze at 10 yr 23% (47/203) 17% (205/926)
Wheeze in the last 12 mo aged 5 yr 13% (21/162) 15% (190/1,252)
Wheeze in the last 12 mo aged 10 yr 13% (26/202) 12% (110/925)
Doctor-confirmed asthma aged 10 yr 15% (30/203) 15% (136/927)
Asthma and wheeze in last 12 mo aged 10 yr 10% (21/203) 8% (78/924)
Prescribed asthma medications in last 12 mo aged 10 yr 13% (27/203) 12% (109/928)
Eczema at 10 yr 28% (55/199) 27% (247/918)
Hay fever at 10 yr 13% (26/198) 13% (121/904)
Atopic aged 10 yr 39% (77/196) 38% (165/433)
Mean % FEV; (SD) aged 5 years 103% (10) n = 107 103% (13) n = 447
Mean % FEV; (SD) aged 10 years 96% (12) n = 204 96% (12) n = 433
Living with an adult who smokes aged 10 years 9% (19/204) 10% (96/931)

Definition of abbreviation: CRL = crown-rump length.
* P <0.001, T P=0.02, and * P = 0.04 compared with whole cohort, all other comparisons were not statistically different.

(mean reduction 153 ml; 95% CI, 2-304; P = 0.05) compared supplement. Persistent low growth was associated with reduced

with persistent high growth. FEV; and FVC (P < 0.01) but not altered risk for symptoms
Second- and third-trimester growth (BPD and birth weight). and growth acceleration was associated with reduced FEV; and

These results are presented in Table E4 of the online FVC (P < 0.006) and increased active asthma (P = 0.04).

TABLE 2. REGRESSION COEFFICIENTS AND 95% CONFIDENCE INTERVALS FOR RESPIRATORY SYMPTOMS AND PHYSIOLOGIC
MEASUREMENTS AT 10 YEARS OF AGE FOR EACH MILLIMETER INCREASE IN FIRST- AND SECOND-TRIMESTER FETAL MEASUREMENT

Crown Rump Length (first trimester,  Biparietal Diameter (second trimester, Femur Length (second trimester,
n = 350 unless stated) n = 584 unless stated) n = 574 unless stated)
Effect Size 95% Cl P Value Effect Size 95% Cl P Value Effect Size 95% Cl P Value
Odds ratio for diagnosed asthma 0.94 0.89 to 0.99 0.03 0.91 0.83 to 1.01 0.08 0.94 0.84 to 1.06 0.31
Odds ratio for active asthma 0.91 0.87 to 0.98 0.02 0.87 0.77 to 0.99 0.04 0.90 0.78 to 1.03 0.12
Odds ratio for asthma medications 0.94 0.88 to 0.99 0.03 0.90 0.81 to 1.00 0.05 0.95 0.84 to 1.07 0.38
Odds ratio for wheeze ever 0.97 0.93 to 1.02 0.20 0.99 0.91 to 10.7 0.75 0.97 0.88 to 1.06 0.49
Odds ratio for wheeze last 12 mo 0.94 0.89 to 1.00 0.04 0.93 0.84 to 1.03 0.17 0.95 0.84 to 1.06 0.34
Odds ratio for wheeze in last 12 mo and BHR 0.84 0.68 to 1.02 0.08 0.87 0.69 to 1.11 0.27 0.84 0.63 to 1.11 0.22
n=111 n =182
Odds ratio for eczema 0.98 0.94 to 1.02 0.26 1.00 0.92 to 1.08 0.92 1.02 0.94 to 1.11 0.60
Odds ratio for hay fever 0.97 0.91 to 1.02 0.23 0.98 0.88 to 1.09 0.76 1.03 0.93to 1.16 0.56
FEV,, ml 6 1to11 0.03 21 9 to 33 0.001 12 —1to 25 0.07
n =202 n = 330 n =325
FVC, ml 6 0to 11 0.04 20 7 to 33 0.003 10 —51to 24 0.19
n =202 n = 331 n =325
FEF,5.75, ml/s 0.010 —0.001 to 0.021 0.08 0.031 0.006 to 0.056  0.02 0.018 —0.01to 0.046 0.20
n = 202 n =330 n =323
In DRR —0.040 —0.001 to 0.080 0.05 -0.020 -0.097 to 0.058 0.62 —-0.030 —-0.108 to 0.047 0.44
n =165 n =274 n =270
In FEno 0 —0.01 to 0.02 0.54 0.01 —0.03 to 0.05 0.51 0 —0.03 to 0.03 0.94
n =181 n = 304 n =299
Odds ratio for atopy 0.98 0.93 to 1.03 0.44 0.97 0.87 to 1.08 0.56 1.04 0.93to 1.16 0.54
n=182 n = 305 n = 301

Definition of abbreviations: Cl = confidence interval; BHR = bronchial hyperresponsiveness (PD20 < 7.8); DRR = dose-response ratio; FEF,5_;5s = forced expiratory
flow, midexpiratory phase; FEno = exhaled nitric oxide.

Infants of low birth weight were excluded from the analysis. Logistic regression models for symptoms and atopy included the following as covariates: gestational age
at scan, sex, maternal smoking status at first-trimester scan, smoke exposure at age 10 years, history of maternal asthma, Scottish Index of Multiple Deprivation, the
infant’s weight at birth, birth order, breast feeding, use of antibiotics by the child in the first year of life, visiting the doctor because of cough in the first 6 months,
maternal intake of zinc and vitamins C and D, and maternal plasma tocopherol. Multiple linear regression models for spirometry, DRR, and FEno included the following
variables: gestational age at scan, sex, maternal smoking status at first-trimester scan, smoke exposure at age 10 years, history of maternal asthma, maternal height,
maternal first-trimester plasma alpha tocopherol, Scottish Index of Multiple Deprivation (36), birth weight, and child’s height aged 10 years. The models for DRR and
FEno also included atopy and FEV;.
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TABLE 3. REGRESSION COEFFICIENTS AND 95% CONFIDENCE INTERVALS FOR RESPIRATORY SYMPTOMS AND PHYSIOLOGIC
MEASUREMENTS AT 10 YEARS OF AGE FOR INDIVIDUALS CATEGORIZED BY CHANGE IN CROWN-RUMP LENGTH (FIRST TRIMESTER)

AND BIPARIETAL DIAMETER (SECOND TRIMESTER)

Persistent Low Growth
(n = 99 unless stated)

Growth Acceleration
(n = 65 unless stated)

Growth Deceleration

(n = 47 unless stated) Persistent High Growth

(n = 122 unless stated)

Effect Size 95% Cl P Effect Size 95% Cl P Effect Size 95% CI P
Diagnosed asthma 2.80 1.17 to 6.91 0.02 2.44 0.92 to 6.46 0.07 0.31 to 3.67 0.91 1
Diagnosed asthma plus 4.93 1.46 to 16.6 0.01 5.15 1.38 to 19.2 0.02 0.18 t0 6.80  0.91 1
recent wheeze

Asthma medications 2.71 0.104 to 7.09 0.04 2.30 0.77 to 6.82 0.13 1.48 0.42 to 5.27 0.54 1
Wheeze ever 1.64 0.82 to 3.29 0.16 1.58 0.73 to 3.43 0.25 0.76 0.29 to 2.05 0.61 1
Wheeze last 12 mo 1.92 0.80 to 4.64 0.15 1.81 0.66 to 4.94 0.25 0.56 0.14 to 2.27 0.41 1
Eczema 0.92 0.46 to 1.86 0.83 2.52 1.21 to 5.26 0.01 0.73 0.29 to 1.87 0.52 1
Hay fever 0.64 0.27 to 1.53 0.31 0.85 0.35 to 2.11 0.85 0.10 0.01 to 0.82 0.03 1
FEV, -103 -194 to —13 0.03 -78 —178 to 22 0.12 -89 -192 to 14 0.09 0

n =48 n=37 n =32 n=73
FVC -107 -203 to —12 0.03 —49 —154 to 57 0.36 -116 —225to -7 0.04 0

n =48 n=237 n =32 n=237
FEF25.75 —0.130 —0.427 to 0.065 0.19 —0.212 —-0.427 to 0.003 0.05 —0.070 —0.292 to 0.151  0.53 0

n =48 n=237 n =32 n=37
In DRR 0.38 —0.23 to 0.99 0.22 -0.22 —0.90 to 0.46 0.53 -0.21 0.90 to 0.49 0.56 0

n =40 n=29 n=27 n=>58
In FEno -0.07 —0.24 to 0.22 0.95 0.09 —0.24 t0 0.26 0.94 -0.11  -0.37t0 0.15 0.37 0

n=43 n=232 n=29 n =69
Atopy 1.23 0.51 to 2.98 0.65 1.68 0.63 to 4.51 0.30 1.03 0.38 to 2.78 0.96 1

n =45 n =31 n =31 n =65

Definition of abbreviations: Cl = confidence interval; DRR = dose-response ratio; FEF,5_;s = forced expiratory flow, midexpiratory phase; Feno = exhaled nitric oxide.

Infants of low birth weight were excluded from the analysis. Logistic regression models for symptoms and atopy included the following as covariates: gestational age
at scan, sex, maternal smoking status at first-trimester scan, smoke exposure at age 10 years, history of maternal asthma, Scottish Index of Multiple Deprivation, the
infant’s weight at birth, birth order, breast feeding, visiting the doctor because of cough in the first 6 months, use of antibiotics by the child in the first year of life,
maternal intake of zinc and vitamins C and D, and maternal plasma tocopherol. Multiple linear regression models for spirometry, DRR, and Feno included the following
variables: gestational age at scan, sex, maternal smoking status at first trimester scan, smoke exposure at age 10 years, history of maternal asthma, maternal height,
maternal first-trimester plasma alpha tocopherol, Scottish Index of Multiple Deprivation (36), birth weight, and child’s height aged 10 years. The models for DRR and

FEno also included atopy and FEV;.

Longitudinal Analysis

There were 367 individuals where details of first-trimester size
and respiratory symptoms were available at ages 5 and 10 years
including 303 who wheezed at neither age; 20 who wheezed at
both ages (persistent wheeze); 22 who wheezed at 5 but not
10 (transient wheeze); and 22 who wheezed at 10 but not 5 years
of age (late-onset wheeze). Those with persistent wheeze were
shorter in the first trimester by an average of 5.4 mm compared
with those with wheeze at neither age (95% CI, —2.4 to —8.4;
P = 0.001) (Figure 1). To put this reduction into context, the
average first-trimester length was 44 mm. When categorized by
quartile of CRL and compared with the longest quartile (n =
25), the mean % FEV, for the remaining groups was reduced at
both 5 and 10 years (P < 0.01) (Figure 2). With reference to the
longest group, % FEV] in the shortest group (n = 33) was re-
duced by an average of 9% (95% CI, 3-16; P = 0.005) at age
S years and 8% (95% CI, 2-14; P = 0.01) at age 10 years; the
second shortest group (n = 19) had a relative mean reduction of
14% (95% CI, 7-21; P < 0.001) at 5 years and 10% (95% CI, 4-
17; P = 0.003) at 10 years; the second longest quartile (n = 30)
had a mean reduction in % FEV; of 9% (95% CI, 3-15; P =
0.005) at age 5 years and 9% (95% CI, 4-16; P = 0.002) at age
10 years.

DISCUSSION

The main finding in the present study was that the shortest indi-
viduals in the first trimester were at increased risk for persistent
wheeze, whereas the longest individuals had superior lung func-
tion at age 10 years. An additional finding was that changes in
growth trajectory after the first trimester were associated with
altered risk for eczema and hay fever. We also report that

first-trimester size and size at birth are independently associated
with lung function. These results demonstrate that the asso-
ciation between early fetal size and asthma outcomes persists
beyond early childhood and is not subsumed by postnatal expo-
sures. Spirometry and, to a lesser extent, asthma symptoms track
from childhood into adulthood and, by extrapolation from
other studies (21, 22) to ours, it is likely that early fetal size will
continue to be related to postnatal respiratory outcomes be-
yond childhood. The previous results from our cohort (5, 9)
and those of the Southampton Women’s Survey Study Group

Relative difference

in crown rump p=0.001

length (mm) )

5 p=0.010

f p=0.017
0 l
ST No wheeze Wheeze only aged  Wheeze only aged
n=303 5years 10years
n=22 n=22
-10 L Wheeze at 5 and
10 years
n=20

Figure 1. Comparison of mean crown rump length (bars indicating
95% confidence interval) across groups categorized by wheeze at
ages 5 and 10 years. The analysis adjusted for gestation at scan, sex,
maternal smoking, maternal asthma, maternal height, maternal plasma
a-tocopherol at enrolment, birth weight, and Scottish Index of Multiple
Deprivation.
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Difference in % predicted FEV,
compared with largest quartile

5
0 T . | —¢—Smallest quartile
FEV1 at 5yrs FEV1 at 10 yrs
5 —p—Second smallest
quartile
—n—Second largest
-10 | quartile
15 J

Figure 2. Mean percentage of predicted FEV; at ages 5 and 10 years
in groups categorized by quartile of first-trimester fetal size. The refer-
ence group is the largest quartile and in comparison, the reductions in
% FEV; were significant at both 5 and 10 years of age (P < 0.01).

(8) validate the use of fetal measurement as an index of antenatal
respiratory status and point toward the origins of asthma being
active in a very early stage of human development, and possibly
shortly after conception, whereas the origins of eczema and hay
fever may be determined after the first trimester. Interventions
aimed at preventing asthma and reduced lung function are
therefore more likely to be effective when implemented early
in pregnancy.

In the only other cohort study that has related antenatal fetal
measurements to respiratory outcomes, Pike and coworkers (8)
describe an association between early (i.e., weeks 11-19) and
late (i.e., weeks 19-34) growth acceleration and reduced wheeze
that is not consistent with the present study (Tables 3 and E4).
In the Southampton cohort, early growth acceleration was as-
sociated with increased risk for atopy and similar associations
were seen in the present study for atopic conditions (i.e., eczema
and hay fever) (Table 3). In our population, abdominal girth
was not measured and third-trimester measurements were
obtained at term and not 34-week gestation, so the results of
the two studies may not be directly comparable. Despite differ-
ences between cohorts in terms of age at follow-up, fetal meas-
urements made, and age at third-trimester measurement, the
Southampton and Aberdeen cohorts provide evidence that fetal
size and growth trajectories are important to respiratory out-
comes in childhood. This consistency between populations is
evidence that the associations are genuine and may be general-
izable to other populations.

The results of the present report are also consistent with
the findings we reported from the assessment of our study
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participants at age 5 years (Table 4) (9). For example, there
are consistent associations between fetal size and asthma, but
not wheeze. There are also consistent associations between
fetal size and lung function, although those between BPD
and lung function have become more marked at age 10 years
than at 5 years and this might be caused by the increased range
of lung function values at 10 years of age. There is one differ-
ence between the findings at ages 5 and 10 years: growth ac-
celeration was associated with reduced lung function at age 5
years but growth deceleration was associated with reduced
lung function at 10 years of age. The acceleration and decel-
eration groups were relatively small in size and so the clinical
relevance of these apparent differences, which were not asso-
ciated with altered risk for respiratory symptoms, is unclear.
The overall internal consistency of results within our cohort
when assessed at ages 5 and 10 years support the hypothesis
that early fetal size is a determinant of life-long respiratory
outcomes.

Given the transient nature of asthma symptoms in young
children (10), the present analysis provides important insight
into the durability of the relationship between fetal size and
asthma outcomes. First-trimester fetal size was associated with
current wheeze but not ever wheeze (Table 2), and wheeze that
persisted at ages 5 and 10 years was associated with reduced
first-trimester size (Figure 1). The phenomenon of remittent, per-
sistent, and late-onset wheeze has been observed in many studies
and different risk factors have been attributed to the different
wheezing phenotypes; reduced fetal size in early pregnancy seems
to be a risk factor for persistent wheeze, which is usually synon-
ymous with asthma.

This is the first study to relate fetal size to bronchial hyper-
responsiveness (BHR), a hallmark of asthma and airway remod-
eling, and we found no association (Tables 2 and 3). Additionally,
there were no associations between fetal measurements and
atopy or increased FEno, two additional physiologic outcomes
that are associated with asthma. There is therefore an apparent
inconsistency in our results because reduced early fetal size is
associated with asthma symptoms and reduced lung function but
not other physiologic characteristics of asthma. Atopy, BHR, and
elevated FEno are all positively correlated (23) and are depen-
dent on age at onset of atopy during childhood (24). Whereas
the association between reduced lung function and asthma
symptoms is established in early infancy (25, 26), the association
between BHR and asthma symptoms is apparent at 12 months
of age (27) with features of airway remodeling not evident until
after infancy (28, 29). Therefore, the association we have ob-
served between early fetal size and spirometry but not atopy,
BHR, and FEno is consistent with the paradigm whereby

TABLE 4. SUMMARY OF OUTCOMES AT AGES 5 AND 10 YEARS IN THE CONTEXT OF FETAL SIZE AND CHANGING FETAL SIZE

Risk of Wheeze Mean Change Mean Change in

Risk of Asthma in Last Year in FEV, (ml) FEF2s.75 (ml/s)

S5yr 10 yr 5yr 10 yr S5yr 10 yr S5yr 10 yr

Change per mm increase CRL —4% —6% -3% —6% +4 +6 +0.006 +0.010
P =0.04 P=0.03 P=0.18 P=0.04 P =0.009 P=10.03 P=0.07 P=0.08

Change per mm increase BPD —12% —9% —3% —7% +4 +21 +0.003 +0.031
P = 0.008 P =0.08 P =0.46 P=0.17 P >0.05 P = 0.001 P =0.47 P =0.02

Change per mm increase FL —-10% —6% —2% —5% +2 +12 +0.008 +0.018
P =10.05 P=0.31 P=0.74 P=0.34 P >0.05 P=10.07 P=0.29 P=0.20

Persistent low CRL and BPD compared with persistent +300% +280% +238% +192% =27 -103 -0.035 -0.13
high growth P =0.008 P=0.02 P=0.01 P=0.15 P=0.25 P=10.02 P=0.51 P=0.19
Growth deceleration (CRL and BPD) compared with +194% +7% —44% —44% -8 -89 0.003 -0.070
persistent high growth P=0.19 P =091 P=0.20 P =0.41 P=0.83 P =0.09 P=0.98 P=0.53

Definition of abbreviations: BPD = biparietal diameter; CRL = crown-rump length; FEF,s_;5 = forced expiratory flow, midexpiratory phase; FL = femur length.
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a primary airway risk factor for asthma is determined in early
fetal life (“premodeling”) leading to reduced airway diameter,
whereas further risk factors, relating to atopy, airway inflamma-
tion, and remodeling, may also occur in utero (30), infancy, and
childhood (31).

The present study was not designed to describe the mecha-
nisms underlying the association between early fetal size and
asthma outcomes but our previous work has given some insight
into the potential relevance of maternal dietary factors (9) and
maternal smoking (5). Our analysis adjusted for maternal smok-
ing and dietary exposures and this suggests that other factors
are also relevant. The Barker hypothesis (32) implicated mater-
nal malnutrition during pregnancy in preprogramming postnatal
morbidity but the mothers in our cohort were generally well
nourished, although micronutrient deficiencies cannot be ex-
cluded (5). Associations between absolute fetal size and asthma
outcomes were present when BPD was used as an index of
second-trimester size but not FL (Table 2) and we speculate
that this might indicate that factors influencing central somatic
growth, but not peripheral somatic growth, are associated with
pulmonary growth. Our observation that associations between
size at birth and lung function persist when early fetal size is
considered might suggest that the airway function is modified
after the first trimester but before birth. The mechanism linking
early fetal growth and asthma outcomes seems to be complex
but may involve antenatal exposures determining the level of
airway function, which is then modified by antenatal and post-
natal factors, such as atopy, infections (33), and exposure to
tobacco smoke (34).

There are a number of other factors that should be considered
when interpreting these results. First, the fetal measurements
were collected retrospectively and were not obtained for all indi-
viduals, in particular first-trimester measurements; this absence
of data reduces the statistical power of the study and therefore
weakens rather than strengthens the relationships reported. In
particular, the apparent inconsistent association between early
growth acceleration and asthma but not reduced FEV; might
be explained by the small number of individuals where FEV;,
was measured. Second, as in many cohort studies, extended
follow-up has resulted in drop-out and enrichment of other sub-
jects who were larger in the second (but not first or third) tri-
mester and who were more likely to have nonsmoking parents;
although we have been able to describe these biases and con-
sider these in our analysis, this remains a limitation to our study.
Third, although we have been able to consider early life influ-
ences that may confound the relationship between fetal size and
asthma outcomes, our study was not designed to measure envi-
ronmental exposures between ages 5 and 10 years that may have
influenced this relationship; any such confounders will act to
weaken and not strengthen the relationships we describe.
Fourth, multiple statistical tests have been undertaken and
some of the significant results may have occurred by chance,
although the consistency of our results with those from the
earlier analysis of this cohort (9) and also with a similar cohort
(8) makes it less likely that type II errors have occurred. Finally,
unlike the Southampton study (8), we were not able to compare
the same fetal measurement over time and assume that levels of
growth in CRL and BPD in individuals are similar during these
periods. The consistency of some of our findings with those of
the Southampton group indicates that our comparison of first-
and second-trimester fetal size is likely to be valid.

In summary, we have reported that longer first-trimester fetal
size seems to protect against the development of early onset, per-
sistent childhood asthma. In the developing human lung, airway
development takes place during early fetal life but alveolar de-
velopment is thought to begin in the latter stages of pregnancy

and continue into postnatal life (35) and therefore exposures or
relative deficiencies of nutrients after early infancy are also
likely to influence respiratory outcomes.
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