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Objectives: We aimed to perform a systematic review of all studies with direct
measurements of both airway inflammation and remodeling in the subgroupof children
with repeated wheezing and/or persistent asthma severe enough to warrant
bronchoscopy, to address whether airway inflammation precedes remodeling or is a
parallel process, and also to assess the impact of remodeling on lung function.
Methods:Four databaseswere searched up to June 2017. Two independent reviewers
screened the literature and extracted relevant data.
Results:We found 526 references, and 39 studies (2390 children under 18 years old)
were included. Airway inflammation (eosinophilic/neutrophilic) and remodeling were
not present in wheezers at a mean age of 12 months, but in older pre-school children
(mean 2.5 years), remodeling (mainly increased reticular basement membrane [RBM]
thickness and increased area of airway smooth muscle) and also airway eosinophilia
was reported. This was worse in school-age children. RBM thickness was similar in
atopic and non-atopic preschool wheezers. Airway remodeling was correlated with
lung function in seven studies, with FeNO in three, and with HRCT-scan in one.
Eosinophilic inflammationwas not seen in patientswithout remodeling. Therewere no
invasive longitudinal or intervention studies.
Conclusion: The relationship between inflammation and remodeling in children cannot
be determined. Failure to demonstrate eosinophilic inflammation in the absence of
remodeling is contrary to the hypothesis that inflammation causes these changes. We
need reliable, non-invasivemarkers of remodeling in particular if this is to be addressed.
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1 | INTRODUCTION

Data from worldwide birth-cohort studies show that lung function is
reduced in the early preschool years in children who develop asthma,
and that the loss in lung function by the age of 5 years tracks into
adulthood without recovering.1 Antenatal causes of decline in lung

function include maternal cigarette smoking and environmental
pollution. It is estimated that 40% of asthmatic airflow obstruction
is present at birth in high risk infants, before the onset of inflammation
or infection, and 60% is postnatal.2 Postnatal pathological structural
airway changes are related to airway remodeling, including epithelial
injury, increased thickness of the sub-epithelial reticular basement
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membrane (RBM), goblet cell hyperplasia, airway smooth muscle
(ASM) hypertrophy and hyperplasia, and angiogenesis.3

The relationship between airway inflammation and airway
remodeling is controversial.4 It should be noted that remodeling is
not one entity but multifaceted (above). Potential hypotheses (and
different hypotheses may apply to the different components of
remodeling) are (1) repeated cycles of acute and acute on chronic
airway inflammation are the early events that lead eventually to airway
remodeling; (2) airway inflammation and remodeling are parallel
processes triggered by the same underlying problem but progress
independently; (3) the primary disorder is airway repair and
inflammation is secondary to abnormal repair processes; and (4)
although remodeling is thought to be damaging, there is at least some
evidence that it may be a protective response, for example limiting
bronchoconstriction,5 and possibly also limiting systemic absorption of
inflammatory mediators from the airway lumen. The clinical impor-
tance of confirming or refuting these hypotheses is that if elements of
remodeling are protective, treatment strategies should be aimed at
augmenting them, whereas if harmful, the contrary strategy, namely
trying to ameliorate the changes, is appropriate.

Since today there is not an indirect measure for inflammation
available, here we report a systematic review, using only those
published papers where direct measurements of both airway
inflammation and/or remodeling (eg, by bronchial alveolar lavage
and bronchial biopsy), were made in the subgroup of children with
repeated wheezing and/or persistent asthma sufficiently severe to
merit bronchoscopy, to try to differentiate between these fundamen-
tally different hypotheses.

2 | METHODS

We identified published studies in MEDLINE, EMBASE, CINAHL,
and SCOPUS (up to June 2017) database, using the terms:
“((bronchoalveolar lavage) OR (airway biopsy) OR (bronchial biopsy))
AND ((wheeze) OR (asthma)) AND ((airway inflammation or airway
remodeling))” restricted to child (birth to 18 years old), without
language restriction. Studies published solely in abstract form were
excluded because the methods and results could not be fully
analyzed.

To be included, studies had to meet all of the following criteria:
(1) cross-sectional or cohort studies of airway inflammation and/or
remodeling measured directly by bronchoalveolar lavage and/or
biopsy in children with asthma or recurrent wheezing; (2) inclusion of
children (1-18 years) or in a mixed population (adults and children)
only when children were analyzed separately; (3) experimental or
intervention studies. Those studies in which markers of inflammation
and remodeling were only measured in blood, urine, saliva or
sputum, exhaled breath condensate, lung function or imaging were
excluded unless a concomitant bronchoalveolar lavage or endo-
bronchial biopsy were performed for comparison. Autopsy studies,
reviews and letters to the editor (without data reports) were also
excluded.

2.1 | Data extraction and assessment of risk of bias

Titles, abstracts, and citations were independently analyzed by two
authors (A.O. and C. R-M). Based on the full text form, all the studies
were evaluated for inclusion criteria, type of intervention, population
included, study design, and outcomes. After obtaining full reports
about potentially relevant studies, eligibility was assessed. Disagree-
mentswere discussed and resolved by consensus, andwhen necessary
advice was sought from the third reviewer (J.C-R.). A prespecified data
analysis included year, country, type of study, number of participants,
age, type of asthma/wheezing and severity, age of diagnosis, atopic
status, type of cellular inflammation and, result of airway biopsy, all of
which were recorded. Additionally, we recorded any other tests of
inflammation, that is, in blood, urine, breath condensate, fraction
exhaled nitric oxide (FeNO), high resolution CT-scan (HRCT-scan), and
lung function.

3 | RESULTS

Five hundred and twenty-six studies were retrieved from the
databases, of which 39 were eligible for inclusion (Figure 1). Most
(n = 33) came from Europe (UK = 16, France = 8, Italy = 3, UK and
Czech Republic = 1, UK and Finland = 1, Czech Republic = 1, the
Netherlands = 1, Turkey = 1, and Ireland = 1); there were three studies
from United States, two from Australia, and one from Korea. Most
studies were case-control (n = 11), cross-sectional (n = 12), and
prospective cohort (n = 11); others were case series (n = 3) and
retrospective cohorts (n = 2). See Table 1.

There were 2390 children included in the 39 studies. In 14
studies6–18,20 (n = 637) the population was school age children with
a clinical diagnosis of asthma (mainly “difficult to treat” or “severe
asthma”), nine studies22–30 were exclusively in infants or pre-
schoolers under the age of 5 years with severe recurrent wheezing
(n = 409). Fourteen studies31–44 combined pre-schoolers and
school-aged children (n = 1252). Two studies45,46 combined asth-
matic children and adults, for this review we only included data
from the children (n = 92). Only 11 studies13–18,20,23,28,41,43

recorded the age of onset of asthma, which varied from 5 months
to 11 years.

Thirty-two studies evaluated atopy in their patients. In 27
studies6–9,10–18,20,23,24,28,31,32,34–36,38–40,44–46 this was by skin prick
test, or specific IgE or total IgE; while in seven studies22,26,27,37,41–43

atopywas evaluatedby total IgEor clinically; and in three studies onlyon
clinical criteria.25,29,30 Sixteen studies9,12–16,18,23–27,29,31,45 recorded
the presence of previous asthma attacks. Twenty-nine studies recorded
current asthma medications.3,6–16,18,20,24–27,29–31,33–35,37,38,41,43–45

Fourteen studies9,25,28,30,34–36,38,39,42–44 had a control group
defined as non-asthmatic/wheezing children (two also included
adults45,46); in 11 studies11,13,15,16,20,24,31,32,37,40,41 there was no
control group; in six studies6,8,10,23,26,27 the control group was
defined as upper airways symptoms; in six studies12,14,17,18,29,33 the
control group was defined as lower respiratory problems but non-
asthma; and one study22 compared children that in the future

2 | CASTRO-RODRIGUEZ ET AL.



developed asthma (positive vs negative athma predictive index
[API]47) (Table 1).

3.1 | Airway inflammation

Airway inflammation was determined in 20 stud-
ies.6,8,15,16,23,25,26,29,30–33,37–40,42,43,45 Significant airway eosino-
philia was reported in seven studies (in BAL alone,25,30,42 in
biopsy alone,12 and in both6,8,9); while eosinophilic cationic protein
(ECP) in BAL was elevated in three studies,13,38,44 but not in one.43 In
contrast, only one study (median aged 14.5 months)37 reported
more BAL neutrophilic inflammation than controls. Mixed eosino-
philic and neutrophilic inflammation was reported in BAL in four
studies,6,9,30,45 and also in the submucosa or intraepithelial in
three.6,9,16 One study reported significantly more BAL neutrophilic
inflammation in pre-schoolers with severe recurrent wheezing
compared with more eosinophilic inflammation in school-age severe
asthmatics.31 One study showed that eosinophilic inflammation and

remodeling were still present in children who had apparently
outgrown asthma.42 See Table 1.

3.2 | Airway remodeling

Airway remodelingwas directly assessed from endobronchial biopsy in
27 studies.6–18,22–24,27,28,32–36,40,41,46 The main finding was increased
thickness of the RBM in asthmatics compared to con-
trols5,12,14,17,18,27,33; but with normal ultrastructure (ratio of fibril to
matrix).46 The RBM was thicker and ASM area greater in school
children with severe asthma compared with controls10 and with pre-
schoolers,32 and vascularitywas higher in younger preschoolers than in
older.32 The only studywhich compared adults and children18 reported
that the RBM thickness of school-age children with difficult asthma
was similar to that seen in adults with either mild intermittent or acute
life-threatening asthma. In one study, children (median age 13.5
months)22 who later developed asthma (by a positive API47) already
had increased RBM thickening, but not tenascin deposition, than those
with negative API; however, no data on inflammatory cells were

FIGURE 1 Process of study selection

CASTRO-RODRIGUEZ ET AL.. | 3



TA
B
LE
1

Ch
ar
ac
te
ris
tic
s
of
in
cl
ud
ed
st
ud
ie
s

Re
f

A
ut
ho
r/
ye
ar

Co
un
tr
y

St
ud
y

ty
pe

N
A
ge
:m
on
th
s
or
ye
ar
;

x
±
SD

or
m
ed
ia
n
[ra
ng
e]

Co
nt
ro
ls

de
fin
ed

BA
L
si
gn
ifi
ca
nt
fin
di
ng
s

Bi
op
sy
si
gn
ifi
ca
nt
fin
di
ng
s

St
ud
ie
s
w
ith
bo
th
in
fla
m
m
at
io
n
an
d
re
m
od
el
in
g
sim
ul
ta
ne
ou
sly
da
ta

6
A
nd
er
ss
on
(2
01
7)

U
K

CC
66

ST
RA
:1
2.
6
y
[6
-1
6.
3]

C:
4.
8
y
[1
.6
-1
0]

U
pp
er

ai
rw
ay

sy
m
pt
om
s

Eo
sin
op
hi
ls
hi
gh
er
in
ST
RA

vs
C

In
tr
ae
pi
th
el
ia
ln
eu
tr
op
hi
ls
in
cr
ea
se
d
in
ST
RA

vs
C.
M
or
e
IL
-1
7R
A
-p
os
iti
ve
ce
lls
in
th
e

su
bm
uc
os
al
&
ep
ith
el
iu
m
in
ST
RA

vs
C.

32
Le
zm
i(
20
15
)

Fr
an
ce

PC
70

Ps
ch
1:
27
.2
m
[2
4.
5-
30
.3
]

PS
ch
2:
44
.5
m
[4
1-
54
.6
]

Sc
h:
11
7.
7
m
[1
02
.4
-1
24
.3
]

N
on
e

N
o
di
ff
er
en
ce
in
cy
to
lo
gy

RB
M
th
ic
kn
es
s
hi
gh
er
in
Sc
h
vs
PS
ch
.R
BM

th
ic
kn
es
s
hi
gh
er
in
PS
ch
2
vs
PS
ch
1.
A
SM

ar
ea
hi
gh
er
in
Sc
h
vs
Ps
ch
1.
M
or
e
ve
ss
el

nu
m
be
r
in
PS
ch
1
vs
Sc
h.
M
or
e
su
bm
uc
os
al

eo
sin
op
hi
ls
in
PS
ch
2
vs
PS
ch
1.

33
V
an
M
as
tr
ig
t
(2
01
5)

Th
e
N
et
he
rla
nd
s

RC
15
2

SA
:1
1.
0
±
4.
5
y;
M
A
:

9.
7
±
4.
6;
C:
8.
9
±
4.
6
y

O
th
er
LR
Ts

no
n-
A
/

W
h

N
o
di
ff
er
en
ce
in
eo
sin
op
hi
ls
an
d

ne
ut
ro
ph
ils
be
tw
ee
n
SA
,M
A

an
d
C.

RB
M
th
ic
kn
es
s
be
tw
ee
n
SA
vs
C,
an
d
be
tw
ee
n

SA
vs
M
A
.N
ot
be
tw
ee
n
M
A
vs
C.
RB
M

th
ic
kn
es
s
co
rr
el
at
ed
w
ith
Fe
N
O
(r
=
0.
45
),

FE
V
1
(r
=
−0
.1
8)
an
d
FV
C
(r
=
−0
.2
3)
.

8
Bo
ss
le
y
(2
01
2)

U
K

CC
69

ST
RA
:1
1.
97
y
[9
.9
7-
14
.4
]

C:
10
.6
5
y
[7
.5
4-
12
.9
6]

U
pp
er

ai
rw
ay

sy
m
pt
om
s

Eo
sin
op
hi
ls
hi
gh
er
in
ST
RA

th
an
C

In
cr
ea
se
d
RB
M
th
ic
kn
es
s,
A
SM
vv
,a
nd
A
SM
vf
in

ST
RA

vs
C.
In
cr
ea
se
d
su
b
ep
ith
el
ia
lm
uc
os
al

eo
sin
op
hi
ls
in
ST
RA

vs
C.
A
to
pi
c
ST
RA

in
cr
ea
se
s
A
SM

m
as
s
vs
at
op
ic
C.
N
eg
at
iv
e

as
so
ci
at
io
n
A
SM

an
d
O
CS
.

40
Le
x
(2
00
6)

U
K

PC
29

M
A
:1
0.
2
y
[4
-1
5]

N
on
e

EB
C
cy
sL
Ts
w
er
e
lo
w
er
in
M
A
w
ho

w
er
e
on
M
TK
vs
w
ith
ou
t
M
TK
.

N
o
di
ff
er
en
ce
in
RB
M
th
ic
kn
es
s
an
d
M
TK
or
IC
S

or
O
C
th
er
ap
y

15
M
ah
ut
(2
00
4)

Fr
an
ce

PC
28

11
y
[9
.8
-1
3.
7]

N
on
e

FA
N
O
co
rr
el
at
ed
w
ith
EC
P
(r
=
0.
67
)

an
d
w
ith
IF
N
-γ
/I
L-
4
(r
=
−0
.4
0)
.B
ot
h

FA
N
O
(r
=
0.
42
)a
nd
Q
M
A
X,
CA

(r
=
0.
41
)c
or
re
la
te
d

w
ith
TG
F-
β1
.Q
M
A
X,
CA

co
rr
el
at
ed

w
ith
TI
M
P-
1/
M
M
P-
9
(r
=
0.
43
).

Q
M
A
X,
CA

co
rr
el
at
ed
w
ith
su
be
pi
th
el
ia
l

eo
sin
op
hi
lic
in
fil
tr
at
io
n
(r
=
0.
40
).
Q
M
A
X,
CA

co
rr
el
at
ed
w
ith
RB
M
th
ic
kn
es
s
(r
=
0.
61
).

16
de
Bl
ic
(2
00
4)

Fr
an
ce

CS
28

Sy
m
pt
om
at
ic
A
:1
0.
4
y

[9
.6
-1
2.
5]
,P
au
cy
sy
m
to
m
at
ic

A
:1
3.
3
y
[1
0-
15
]

N
on
e

H
ig
he
rn
eu
tr
op
hi
ls
in
th
e
sy
m
pt
om
at
ic

A
.H
ig
he
r
ly
m
ph
oc
yt
es
,I
FN
γ
an
d

IF
N
γ/
IL
-4
in
th
e
pa
uc
ys
ym
to
m
at
ic

A
.

W
ith
in
th
e
ep
ith
el
iu
m
,e
os
in
op
hi
la
nd
ne
ut
ro
ph
il

hi
gh
er
in
sy
m
pt
om
at
ic
gr
ou
p.
RB
M
w
as

sim
ila
r
be
tw
ee
n
gr
ou
ps
.

St
ud
ie
s
w
ith
on
ly
in
fla
m
m
at
io
n
da
ta

31
G
ui
dd
ir
(2
01
7)

Fr
an
ce

CS
35
0

PS
ch
ST
RW

:3
3.
9
±
21
.9
m

Sc
h
ST
RA
:1
38
±
22
.5
m

N
on
e

M
or
e
ne
ut
ro
ph
ils
an
d
lo
w
er

eo
sin
op
hi
ls
in
PS
ch
vs
Sc
h

N
ot
pe
rf
or
m
ed
.

25
Th
av
ag
na
na
m
(2
01
0)

Ire
la
nd

PC
65

<5
y

N
o
w
he
ez
e

N
o
br
on
ch
os
co
py
BA
L:
H
ig
he
r

eo
sin
op
hi
ls
in
LO
CW

vs
N
W
.

N
ot
pe
rf
or
m
ed

(C
on
tin
ue
s)

4 | CASTRO-RODRIGUEZ ET AL.



TA
B
LE
1

(C
on
tin
ue
d)

Re
f

A
ut
ho
r/
ye
ar

Co
un
tr
y

St
ud
y

ty
pe

N
A
ge
:m
on
th
s
or
ye
ar
;

x
±
SD

or
m
ed
ia
n
[ra
ng
e]

Co
nt
ro
ls

de
fin
ed

BA
L
si
gn
ifi
ca
nt
fin
di
ng
s

Bi
op
sy
si
gn
ifi
ca
nt
fin
di
ng
s

45
Fi
tz
pa
tr
ic
k
(2
01
0)

U
S

CC
53

C:
38
±
10
y
SA
:1
1
±
8
y

M
A
:1
0
±
4
y

N
on
-A
/W
h

N
eu
tr
op
hi
ls
hi
gh
er
in
SA
vs
C
an
d
in

M
A
vs
C.
Eo
sin
op
hi
ls
hi
gh
er
in
SA
vs

C
an
d
in
SA
vs
M
A
.I
L-
13
an
d
IL
-6

hi
gh
er
in
SA
vs
C
an
d
in
M
A
vs
C.

N
ot
pe
rf
or
m
ed

37
H
au
k
(2
00
8)

U
S

CS
18

SA
:1
4.
5
m
[6
-1
56
]

N
on
e

N
eu
tr
op
hi
lic
as
so
ci
at
ed
w
ith
in
cr
ea
se
d

IL
-8
,M
M
P-
9,
TI
M
P-
1,
an
d
M
M
P-
9/

TI
M
P-
1.
Co
rr
el
at
io
n
be
tw
ee
n
LP
S

an
d
ne
ut
ro
ph
ils
in
a
su
bg
ro
up
w
ho

ha
d
in
cr
ea
se
d
M
M
P-
9
an
d
TI
M
P-
1.

N
ot
pe
rf
or
m
ed

26
Er
le
w
yn
-L
aj
eu
ne
ss
e

(2
00
8)

U
K

CC
66

C:
1.
7
y
[0
.2
-5
.1
],

W
:1
.1
y
[0
.5
-3
.8
]

U
pp
er

ai
rw
ay

sy
m
pt
om
s

M
M
P-
9/
TI
M
P-
1
hi
gh
er
in
W
vs
C,
an
d

sh
ow
ed
an
ex
ce
ss
of
TI
M
P-
1.
TI
M
P-

1
ra
ise
d
in
PW

.A
bs
ol
ut
e

co
nc
en
tr
at
io
n
TI
M
P-
1
as
so
ci
at
ed

PW

N
ot
pe
rf
or
m
ed

38
vo
n
U
ng
er
n-

St
er
nb
er
g
(2
00
6)

A
us
tr
al
ia

CC
42

C:
73
.8
±
31
.4
m

A
:8
2.
5
±
29
.5
m

N
on
-A
/W
h

EC
P
m
or
e
in
A
vs
C,
an
d
w
ith
hi
gh
er

le
ve
ls.
Tr
yp
ta
se
m
or
e
in
A
.

Re
sp
ira
to
ry
re
sis
ta
nc
e
w
as
hi
gh
er
in

A
w
ith
de
te
ct
ab
le
EC
P
th
an
in
th
os
e

w
ith
un
de
te
ct
ab
le
EC
P
le
ve
ls

(P
=
0.
01
9)
.

N
ot
pe
rf
or
m
ed

39
M
ac
le
nn
an
(2
00
6)

A
us
tr
al
ia

CC
42

In
fr
eq
ue
nt
no
n-
at
op
ic

EW
:5
y
[3
-8
.6
]

C:
5
y
[2
.3
-7
.5
]

N
on
-A
/W
h

N
o
di
ff
er
en
ce
in
ce
lls
.N
o
di
ff
er
en
ce
in

T-
ce
ll
ex
pr
es
sio
n
of
H
LA
-D
R
an
d

CD
25
,o
r
in
PM
A
-in
du
ce
d
IF
N
-g
,I
L-

2,
IL
-4
,I
L-
5,
an
d
IL
-1
0

N
ot
pe
rf
or
m
ed

42
W
ar
ke
(2
00
2)

U
K

RC
70

A
A
ou
tg
ro
w
n:
7.
3
y

[5
.7
-9
.9
];
vi
ra
lw
he
ez
e

ou
tg
ro
w
n:
6.
6
y
[3
.3
-7
.3
];

C:
7.
3
y
[4
.8
-9
.8
]

N
on
-A
/W
h

Eo
sin
op
hi
ls
ra
ise
d
in
no
n-
br
on
co
so
pi
c

BA
L
in
A
A
w
ho
ha
d
ap
pa
re
nt
ly

ou
tg
ro
w
n
as
th
m
a.

N
ot
pe
rf
or
m
ed

29
A
rn
ou
x
(2
00
1)

Fr
an
ce

CS
28

W
:1
5.
4
m
[7
-4
9]
;

C:
24
.1
m
[8
-3
6]

O
th
er
LR
Ts

no
n-
A
/

W
h

In
cr
ea
se
in
CD
8+
in
W
vs
C.
D
ec
re
as
ed

ex
pr
es
sio
n
of
H
LA
-D
R
in

m
ac
ro
ph
ag
e
of
W
vs
C.

N
ot
pe
rf
or
m
ed

43
M
ar
gu
et
(2
00
1)

Fr
an
ce

CS
56

A
:9
0
m
[4
9-
18
0]
;

RW
:2
5
m
[5
-4
6]
;

C:
97
.8
m
[1
7-
19
0]

N
on
-A
/W
h

In
A
:c
or
re
la
tio
n
be
tw
ee
n
EC
P
an
d

eo
sin
op
hi
l(
r=
0.
61
8)
,a
nd
be
tw
ee
n

ne
ut
ro
ph
il
an
d
IL
-8
(r
=
0.
74
7)
;a
nd

in
cr
ea
sin
g
IL
-8
Le
ve
ls
w
ith
sy
m
pt
om

sc
or
e.
In
RW

:I
L-
8
sig
ni
fic
an
tly

in
cr
ea
se
d
w
he
n
ne
ut
ro
ph
ils
w
er
e

>1
0%
;E
CP

co
rr
el
at
ed
to
ne
ut
ro
ph
il

%
(R
=
0.
83
2)
;a
nd
a
th
re
sh
ol
d
of

EC
P
>
20
ng
/m
L
as
so
ci
at
ed
w
ith

pe
rs
ist
en
t
sy
m
pt
om
s.

N
ot
pe
rf
or
m
ed

(C
on
tin
ue
s)

CASTRO-RODRIGUEZ ET AL.. | 5



TA
B
LE
1

(C
on
tin
ue
d)

Re
f

A
ut
ho
r/
ye
ar

Co
un
tr
y

St
ud
y

ty
pe

N
A
ge
:m
on
th
s
or
ye
ar
;

x
±
SD

or
m
ed
ia
n
[ra
ng
e]

Co
nt
ro
ls

de
fin
ed

BA
L
si
gn
ifi
ca
nt
fin
di
ng
s

Bi
op
sy
si
gn
ifi
ca
nt
fin
di
ng
s

30
Kr
aw
ie
c
(2
00
1)

U
S

CC
26

PW
:1
4.
9
±
2.
5
m
;

C:
23
.3
±
3.
4
m

N
on
-A
/W
h

To
ta
lB
A
L
ce
lls
,e
os
in
op
hi
ls,
PM
N
,

ly
m
ph
oc
yt
es
,m
ac
ro
ph
ag
es
/

m
on
oc
yt
es
,e
pi
th
el
ia
lc
el
ls,
LT
E4
,

LT
B4
(P
=
0.
05
),
PG
E2
,1
5-
H
ET
E

w
er
e
m
or
e
in
PW

vs
C.

N
ot
pe
rf
or
m
ed

44
En
ni
s
(1
99
9)

U
K

CS
16
1

A
A
:8
.0
9
y
[1
.0
8-
15
.3
]V
A
W
:3
.6

y
[1
-1
3]
;A
to
pi
c
no
n-
A
:7
.5
8
y

[1
.7
-1
3.
6]
;C
:7
.2
3
y

[0
.4
2-
14
.5
]

N
on
-A
/W
h

EC
P:
A
A
hi
gh
er
th
an
C
(P
<
0.
01
).

H
ist
am
in
e:
hi
gh
er
in
A
A
an
d
V
A
W
vs

C
(P
<
0.
02
),
hi
gh
er
in
A
A
vs
at
op
ic
s

no
n-
A
(P
<
0.
03
).

N
ot
pe
rf
or
m
ed

St
ud
ie
s
w
ith
on
ly
ai
rw
ay
re
m
od
el
in
g
da
ta

22
Be
ra
nk
ov
a
(2
01
4)

Cz
ec
h
Re
p

Se
rie

30
+A
PI
:1
9.
5
[4
-4
4]
−A
PI
:1
1

[3
-3
8]

N
on
e

N
ot
pe
rf
or
m
ed

RB
M
th
ic
kn
es
s
hi
gh
er
in
+A
PI
vs
−A
PI
.L
am
in
in

la
ye
r
hi
gh
er
in
+A
PI
vs
−A
PI
.C
ol
la
ge
n
IV

lo
w
er
in
+A
PI
vs
−A
PI
.

7
Sa
gl
an
i(
20
13
)

U
K

Se
rie

69
ST
RA
:1
1.
9
y
[9
-1
4]

C:
10
.7
[7
.5
-1
2.
9]

M
ild
-

m
od
er
at
e

A

N
ot
pe
rf
or
m
ed

IL
33
in
cr
ea
se
d
in
su
bm
uc
os
a
in
ST
RA

vs
C.

M
uc
os
al
IL
33
ex
pr
es
sio
n
co
rr
el
at
ed
w
ith

RB
M
in
ST
RA
.I
L3
3
pr
om
ot
ed
in
cr
ea
se
d
RB
M

th
ic
kn
es
s
by
co
lla
ge
n
se
cr
et
io
n
of
fib
ro
bl
as
ts
.

23
O
’R
ei
lly
(2
01
3)

U
K

PC
51

SR
W
:2
8
m
(3
-5
7)
,

C:
17
m
(3
-5
5)

U
pp
er

ai
rw
ay

sy
m
pt
om
s

N
ot
pe
rf
or
m
ed

Ch
ild
re
n
w
ith
SR
W
at
pr
es
ch
oo
la
ge
ha
d

in
cr
ea
se
d
RB
M
th
ic
kn
es
s
an
d
su
be
pi
th
el
ia
l

eo
sin
op
hi
ln
um
be
rs
co
m
pa
re
d
w
ith

no
nw
he
ez
in
g
co
nt
ro
la
t
pr
es
ch
oo
la
ge
.

H
ow
ev
er
,p
re
sc
ho
ol
RB
M
th
ic
kn
es
s
an
d

su
be
pi
th
el
ia
le
os
in
op
hi
ld
en
sit
y
w
er
e
sim
ila
r

in
ch
ild
re
n
w
ho
di
d
or
di
d
no
th
av
e
as
th
m
a
by

sc
ho
ol
-a
ge

9
G
up
ta
(2
01
1)

U
K

PC
86

ST
RA
:1
1.
5
y
[9
.5
-1
4]

M
A
:1
2.
5
y
[1
1-
13
]

N
on
-A
/W
h

N
ot
pe
rf
or
m
ed

A
SM

m
as
s
co
rr
el
at
ed
w
ith
25
(O
H
)D
3
(r
=
−0
.6
).

A
SM

vf
co
rr
el
at
ed
w
ith
BD
R
(r
=
0.
6)
,a
nd

A
CT
(r
=
−0
.7
).

34
So
nn
ap
pa
(2
01
1)

U
K

CS
10
0

SW
:5
y
[4
.4
-5
.9
],

C:
5.
5
y
[5
.1
-6
.2
],

N
on
-A
/W
h

N
ot
pe
rf
or
m
ed

RB
M
th
ic
kn
es
s
an
d
EG
2+
gr
ea
te
r
in
M
TW

vs
V
A
W
.R
BM

th
ic
kn
es
s
an
d
EG
2+
co
rr
el
at
ed

w
ith
Fe
N
O
(r
=
0.
47
)a
nd
(r
=
0.
55
)

35
Ba
ra
ld
o
(2
01
1)

Ita
ly

CC
80

A
N
E:
7.
2
±
0.
5
y,

A
E:
5.
0
±
0.
5
y,

C:
4.
9
±
0.
5
y

N
on
-A
/W
h

N
ot
pe
rf
or
m
ed

Eo
sin
op
hi
ls
hi
gh
er
in
A
E
vs
N
E,
an
d
in
A
N
E
vs
C.

Ep
ith
el
ia
ll
os
s
hi
gh
er
in
A
E
vs
C.
RB
M

th
ic
kn
es
s
hi
gh
er
in
A
E
an
d
in
A
N
E
vs
C.

V
es
se
ls
hi
gh
er
in
A
E
an
d
in
A
N
E
vs
C.
IL
4+

hi
gh
er
in
A
E
an
d
in
A
N
E
vs
C.

24
M
al
m
st
rö
m
(2
01
1)

U
K

PC
50

RW
:2
.3
y
[1
.1
-2
.9
]

N
on
e

N
ot
pe
rf
or
m
ed

RB
M
th
ic
kn
es
s
co
rr
el
at
ed
w
ith
IC
S
(r
=
0.
40
6)

M
as
t
ce
lls
co
rr
el
at
ed
w
ith
IC
S
(r
=
0.
37
8)

(C
on
tin
ue
s)

6 | CASTRO-RODRIGUEZ ET AL.



TA
B
LE
1

(C
on
tin
ue
d)

Re
f

A
ut
ho
r/
ye
ar

Co
un
tr
y

St
ud
y

ty
pe

N
A
ge
:m
on
th
s
or
ye
ar
;

x
±
SD

or
m
ed
ia
n
[ra
ng
e]

Co
nt
ro
ls

de
fin
ed

BA
L
si
gn
ifi
ca
nt
fin
di
ng
s

Bi
op
sy
si
gn
ifi
ca
nt
fin
di
ng
s

10
Re
ga
m
ey
(2
00
8)

U
K

CC
78

A
:1
2.
5
y
[6
.7
-1
5.
8]
,

C:
11
.8
y
[5
.9
-1
6.
4]

U
pp
er

ai
rw
ay

sy
m
pt
om
s

N
ot
pe
rf
or
m
ed

A
SM

(n
um
be
r
an
d
siz
e)
in
cr
ea
se
d
in
A
vs
C.

A
SM

co
nt
en
t
co
rr
el
at
ed
w
ith
BD

re
sp
on
siv
en
es
s
(r
=
0.
66
)

36
Tu
ra
to
(2
00
8)

Ita
ly

CC
55

M
TW

no
n
at
op
ic
:[
2-
10
]y
;

M
TW

[2
-1
5]
y;
C:
[2
-1
4]
y

N
on
-A
/W
h

N
ot
pe
rf
or
m
ed

Co
m
pa
re
d
w
ith
C,
bo
th
no
na
to
pi
c
an
d
at
op
ic

M
TW

ha
d
in
cr
ea
se
d
ep
ith
el
ia
ll
os
s,
th
ic
ke
ne
d

RB
M
,a
nd
in
cr
ea
se
d
nu
m
be
r
of
ve
ss
el
s
an
d

eo
sin
op
hi
ls.
M
or
eo
ve
r,
th
ey
ha
d
in
cr
ea
se
d
IL
-

4
an
d
IL
-5
.

11
Ti
lli
e-
Le
bl
on
d
(2
00
8)

Fr
an
ce

CS
25

O
bs
tr
uc
tiv
e
A
:1
0.
9
y
[6
-1
4]
,

N
on
-o
bs
tr
uc
tiv
e
A
:8
.9
y

[5
-1
3]

N
on
e

N
ot
pe
rf
or
m
ed

Su
rf
ac
e
ar
ea
A
SM
,M
LC
K
ex
pr
es
sio
n,
an
d

nu
m
be
rv
es
se
ls
w
er
e
in
cr
ea
se
d
in
O
bs
tr
uc
tiv
e

A
vs
N
on
-o
bs
tr
uc
tiv
e
A
.D
ist
an
ce
RB
M
-A
SM

sh
or
te
r
in
O
bs
tr
uc
tiv
e
A
.F
EV
1
co
rr
el
at
ed

w
ith
A
SM

ar
ea
(r
=
−0
.6
),
M
LC
K
ex
pr
es
sio
n

(r
=
−0
.4
5)
an
d
CD
31
ex
pr
es
sio
n
(r
=
−0
.7
),

an
d
w
ith
di
st
an
ce
of
RB
M
-A
SM

(r
=
0.
5)
.

27
Sa
gl
an
i(
20
07
)

U
K

CC
40

CW
:2
9
m
[7
-5
7]

RW
:1
7
m
[8
-5
8]

C:
19
.5
m
[5
-4
2]

U
pp
er

ai
rw
ay

sy
m
pt
om
s

N
ot
pe
rf
or
m
ed

RB
M
th
ic
ke
r
in
CW

vs
C.
Su
be
pi
th
el
ia
l

eo
sin
op
hi
lic
de
ns
ity
gr
ea
te
r
in
CW

vs
C.

12
Ki
m
(2
00
7)

Ko
re
a

CC
42

A
:1
3
±
1
y;

C:
12
±
3
y

O
th
er
LR
Ts

no
n-
A
/

W
h

N
ot
pe
rf
or
m
ed

RB
M
th
ic
kn
es
s
gr
ea
te
r
in
A
vs
C.
Se
x,
FE
V
1/

FV
C,
to
ta
lI
gE
,a
nd
at
op
y
(Ig
E
fo
r
D
.

pt
er
on
ys
sin
us
)w
er
e
pr
ed
ic
tiv
e
fa
ct
or
s
fo
r

RB
M
th
ic
kn
es
s.

46
Sa
gl
an
i(
20
06
)

U
K

CS
39

SA
:1
0
y
[6
-1
6]

SR
W
:1
2
m
[4
-2
4]

N
on
-A
fo
r

SC
h.
RW

no
rm
al
LF

fo
r

Pr
eS
ch

N
ot
pe
rf
or
m
ed

Fi
br
ils
in
th
e
RB
M
w
er
e
th
in
ne
ra
nd
fe
w
er
fib
ril
s

w
er
e
ba
nd
ed
th
an
in
th
e
in
te
rs
tit
ia
lc
ol
la
ge
n.

Ra
tio
of
fib
ril
s
to
m
at
rix
in
th
e
th
ic
ke
ne
d
RB
M

of
SA
or
SR
W
sim
ila
r
to
C.

13
de
Bl
ic
(2
00
5)

Fr
an
ce

PC
37

10
.4
y
[9
-1
3]

N
on
e

N
ot
pe
rf
or
m
ed

BW
T
sc
or
e
co
rr
el
at
ed
w
ith
RB
M
(r
=
0.
34
),
w
ith

N
O
pr
od
uc
tio
n
by
th
e
ai
rw
ay
w
al
l(
r=
0.
45
)

an
d
w
ith
EC
P
(r
=
0.
40
).

28
Sa
gl
an
i(
20
05
)

U
K,
Fi
nl
an
d

CS
53

RW
w
ith
BD

re
ve
rs
ib
ili
ty
:

12
m
[3
.4
-2
6]
m
.R
W
w
ith

BD
w
/r
ev
er
sib
ili
ty
:1
2.
4
m

[5
.1
-2
5.
9]
.R
W
no
rm
al
LF
:

11
.5
m
[3
.4
-2
4.
3]
.S
A
:1
0.
3
y

[6
-1
6]
.C
:1
0
y
[6
-1
6]
.C

ad
ul
ts
:2
7
y
[2
1-
42
]

N
on
-A
/W
h

N
ot
pe
rf
or
m
ed

RB
M
th
ic
ke
ni
ng
an
d
eo
sin
op
hi
lic
in
fla
m
m
at
io
n

in
SC
h
an
d
ad
ul
ts
,b
ut
no
t
pr
es
en
t
in
RW

in
fa
nt
s
w
ith
re
ve
rs
ib
le
ai
rf
lo
w
ob
st
ru
ct
io
n,

ev
en
if
at
op
ic
.

(C
on
tin
ue
s)

CASTRO-RODRIGUEZ ET AL.. | 7



TA
B
LE
1

(C
on
tin
ue
d)

Re
f

A
ut
ho
r/
ye
ar

Co
un
tr
y

St
ud
y

ty
pe

N
A
ge
:m
on
th
s
or
ye
ar
;

x
±
SD

or
m
ed
ia
n
[ra
ng
e]

Co
nt
ro
ls

de
fin
ed

BA
L
si
gn
ifi
ca
nt
fin
di
ng
s

Bi
op
sy
si
gn
ifi
ca
nt
fin
di
ng
s

41
Po
hu
ne
k
(2
00
5)

Cz
ec
h
Re
p,
U
K

PC
27

SA
:8
.7
y
[1
.2
-1
1.
7]

N
on
e

N
ot
pe
rf
or
m
ed

M
or
e
eo
sin
op
hi
ls
in
la
m
in
a
pr
op
ria
an
d
gr
ea
te
r

th
ic
kn
es
s
of
su
be
pi
th
el
ia
ll
am
in
a
re
tic
ul
ar
is
in

ch
ild
re
n
w
ith
A
di
ag
no
sis
at
fo
llo
w
-u
p
vs
w
ho

di
d
no
t
pr
og
re
ss
to
A
.

14
Pa
yn
e
(2
00
4)

U
K

PC
47

SA
:1
3
y
[6
-1
6]
;C
:1
0
y

[7
-1
6]

O
th
er
LR
Ts

no
n-
A
/

W
h

N
ot
pe
rf
or
m
ed

RB
M
th
ic
kn
es
s
gr
ea
te
r
in
SA
vs
C.
CD
4+
T

ly
m
ph
oc
yt
e
de
ns
ity
hi
gh
er
in
SA
w
ith

pe
rs
ist
en
ta
irf
lo
w
lim
ita
tio
n
vs
w
ith
ou
t.
In
SA
,

a
co
rr
el
at
io
n
be
tw
ee
n
CD
4+
T
ly
m
ph
oc
yt
es

an
d
bo
th
pr
e-
BD

FE
V
1
(r
=
−2
0.
6)
an
d
po
st
-

BD
FE
V
1
(r
=
−2
0.
6)
.

17
Ba
rb
at
o
(2
00
3)

Ita
ly

CS
23

M
ild
A
:8
±
1
y;
A
to
py

no
nA
:7
±
1
y;
C:
7
±
1
y

O
th
er
LT
Rs

no
n-
A
/

W
h

N
ot
pe
rf
or
m
ed

In
cr
ea
se
RM
B
th
ic
kn
es
s
an
d
eo
sin
op
hi
ls
in
A
vs

C,
bu
t
no
t
w
ith
at
op
y.
In
cr
ea
se
RM
B

th
ic
kn
es
s
in
at
op
y
no
nA
vs
C
(P
=
0.
05
).

D
ec
re
as
ed
ex
pr
es
sio
n
of
TG
Fb
-R
II
in
A

co
m
pa
re
d
w
ith
bo
th
th
os
e
w
ith
at
op
y
an
d
C.

In
A
,e
os
in
op
hi
ls
co
rr
el
at
ed
w
ith
TG
Fb
-R
II

(r
=
−0
.8
6)
an
d
w
ith
sy
m
pt
om

du
ra
tio
n

(r
=
0.
79
).

18
Pa
yn
e
(2
00
3)

U
K

CS
29

D
iff
ic
ul
t
A
:1
3
y
[6
-1
6]
;

C:
10
.5
y
[7
-1
6]

O
th
er
LR
Ts

no
n-
A
/

W
h

N
ot
pe
rf
or
m
ed

RB
M
th
ic
kn
es
s
in
ch
ild
re
n
di
ff
ic
ul
t
A
sim
ila
r
to

ad
ul
ts
w
ith
ei
th
er
m
ild
or
SA
.R
BM

th
ic
kn
es
s

in
ch
ild
re
n
A
pa
ed
ia
tr
ic
gr
ea
te
rt
ha
n
bo
th
th
e

ad
ul
ts
C
an
d
ch
ild
re
n
C.
In
ch
ild
re
n
w
ith
A
no

co
rr
el
at
io
n
be
tw
ee
n
RB
M
th
ic
kn
es
s
an
d
ag
e,

du
ra
tio
n
of
A
,o
r
bo
th
pr
e-
/p
os
t-
BD
.

20
Co
ku
gr
as
(2
00
1)

Tu
rk
ey

Se
rie

10
9.
3
±
3.
8
y

N
on
e

N
ot
pe
rf
or
m
ed

Th
ic
ke
ni
ng
&
hy
al
in
isa
tio
n
of
th
e
RB
M
in
ni
ne

pa
tie
nt
s.
Th
e
ci
lia
te
d
ep
ith
el
ia
lc
el
ls
sh
ow
ed

lo
ss
of
ci
lia
in
so
m
e
ca
se
s.
O
ve
ra
ct
iv
e

fib
ro
bl
as
ts
w
er
e
co
ns
ist
en
tly
fo
un
d.
Si
x

pa
tie
nt
s
ha
d
de
gr
an
ul
at
in
g
m
as
t
ce
lls
an
d

ly
m
ph
oc
yt
e
in
fil
tr
at
io
n
in
th
e
su
bm
uc
os
a.

Eo
sin
op
hi
ls
w
er
e
se
en
in
on
ly
on
e
bi
op
sy

sa
m
pl
e.

A
,a
st
hm
a;
A
A
,a
to
pi
c
as
th
m
a;
BW

T,
br
on
ch
ia
lw
al
lt
hi
ck
en
in
g;
CC
,c
as
e-
co
nt
ro
l;
C,
co
nt
ro
ls;
CS
,c
ro
ss
se
ct
io
na
l;
CW

,c
on
fir
m
ed
w
he
ez
in
g;
EA
,e
os
in
op
hi
c
as
th
m
a;
EC
P,
eo
sin
op
hi
lic
ca
tio
ni
c
pr
ot
ei
n;
EB
C,
ex
ha
le
d

br
ea
th
co
m
po
ne
nt
;E
PC
,e
os
in
op
hi
ls
pr
ot
ei
n
ca
tio
ni
c;
EW

,e
pi
so
di
c
as
th
m
a;
FA
N
O
,A
lv
eo
la
rN
O
co
nc
en
tr
at
io
ns
;I
CS
,i
nh
al
ed
co
rt
ic
os
te
ro
id
s;
LO
CW

,l
at
e
on
se
tc
hi
ld
ho
od
w
he
ez
in
g;
M
A
,m
od
er
at
e
as
th
m
a;
M
TK
,

m
on
te
lu
ka
st
;M
M
P,
m
et
al
lo
pr
ot
ei
na
se
;M
W
no
na
to
pi
c,
m
ul
tit
rig
ge
r
w
he
ez
e
no
n
at
op
ic
;M
w
at
op
ic
;m
ul
tit
rig
ge
r
w
he
ez
e
at
op
ic
;N
EA
,n
on
-e
os
io
no
ph
ili
c
as
th
m
a;
N
W
,n
ev
er
w
he
ez
in
g;
no
n-
A
/W
h,
no
n-
as
th
m
a/

w
he
ez
e;
O
CS
,o
ra
ls
te
ro
id
s;
ot
he
rR
Ts
no
n-
A
/W
h,
ot
he
rr
es
pi
ra
to
ry
tr
ac
tp
ro
bl
em
sn
on
-a
st
hm
a/
w
he
ez
e;
PC
,p
ro
sp
ec
tiv
e
co
ho
rt
;P
Sc
h,
pr
es
ch
oo
le
r;
PW

,p
er
sis
te
nt
w
he
ez
in
g;
Q
M
A
X,
CA
,m
ax
im
al
N
O
ou
tp
ut
fr
om

th
e
co
nd
uc
tin
g
ai
rw
ay
s;
RC
,r
et
ro
sp
ec
tiv
e
co
ho
rt
;R
W
,r
ep
or
te
d
w
he
ez
in
g;
TI
M
P,
tis
su
e
in
hi
bi
to
ro
fm
et
al
lo
pr
ot
ei
na
se
;S
A
,s
ev
er
e
as
th
m
a;
ST
RA
,s
ev
er
e
tr
ea
tm
en
t-
re
sis
ta
nt
as
th
m
a;
SR
W
,s
ev
er
e
re
cu
rr
en
tw
he
ez
in
g;

SC
h,
sc
ho
ol
ch
ild
re
n;
V
A
W
,v
ira
la
ss
oc
ia
te
d
w
he
ez
in
g;
W
,w
he
ez
er
s.

8 | CASTRO-RODRIGUEZ ET AL.



reported. One study23 reported that increased preschool ASM area—
but not RBM thickness, mucosal eosinophils, or ASM mast cells—was
seen in children who had asthma at school age. Preschool ASM biopsy
proportion of greater than 10% had similar negative predictive value
but improved positive predictive value of future asthma compared to
a positive API.47 Finally, increased epithelial shedding in asthmatic
children compared to controls was reported in one study,36 but not in
two others.8,9 See Table 1.

In only seven studies6,8,15,16,32,33,40 were both airway inflam-
mation and remodeling measured simultaneously. In terms of
inflammatory cells, one study8 demonstrated eosinophilic inflam-
mation in association with remodeling; one study32 reported no
differences in BAL cytology compared with controls, but more
submucosal eosinophils in the biopsies; and in another study6 there
was BAL eosinophilia while intraepithelial neutrophils were present
in the bronchial biopsies. However, in all studies in which airway
remodeling and inflammation were simultaneously reported,
inflammation (mainly eosinophilic) co-existed with remodeling.

3.3 | Subgroup analysis by age and control groups

Paediatric studies that have made direct assessments of airway
pathology in wheeze/asthma can be divided into three groups. (1)
Studies exclusively in school-age asthmatics compared with controls
(defined by the presence of upper airway symptoms) which have
shown significantly more BAL eosinophils,23 EPC and tryptase,38

subepithelial eosinophils,17 mucosal eosinophils,6 intraepithelial neu-
trophils,6 and submucosal and epitelhial IL-17RA-positive cells.6 There
were also studies that reported significantly increased RBM thick-
ness,8,17,33 hypertrophy and hyperplasia of ASM,8,10 but not epithelial
sheeding,8 and decreased expression of TGFβ-RII,17 in asthmatic. (2)
Studies exclusively in school-age asthmatics compared with controls
(defined by the presence of lower respiratory symptoms, but not
asthma) have reported more mucosal eosinophils,41 and significantly
increased RBM thickness,12,14,41 in asthmatic. (3) Studies exclusively in
preschoolers have reported higher BAL eosinophils,25 neutrophils,30 in
wheezers compared to non-wheezers. There were higher BAL MMP-
9/TIMP-1 ratio in wheezers than controls,26 a significant increase in
the BAL CD8+ lymphocyte population and decreased expression of
HLA-DR in the macrophage population in wheezers as compared to
non-wheezers,29 and significantly higher BAL eosinophils, neutrophils,
lymphocytes, epithelial cells, LTE4, LTB4, PGE2, 15-HETE in persistent
wheezers compared to controls.30 Thosewith confirmedwheezing had
greater RBM thickness27 and eosinophil density27 than controls. RBM
thickness and eosinophilic inflammation, characteristics of asthma in
older children and adults, were not present in symptomatic infants
(mean age 1 year) with reversible airflow obstruction, even in the
presence of atopy.28

3.4 | Subgroup analysis by atopy

No difference in RBM thickness was reported between atopic and non-
atopic severepre-schoolwheezers.27,34However, in school age children

with severe therapy resistant asthma, RBM thickness was significantly
higher in atopic compared to non-atopic patients.8 ASM area was larger
in atopic compared to non-atopic preschool wheezers.32 Epithelial
shedding, RBM thickness, angiogenesis, eosinophilia, and expression of
IL-4 and IL-5 were also present to a similar degree in non-atopic and
atopic children with multitrigger wheeze.36 Subepithelial eosinophilic
inflammation was similar in atopic and nonatopic confirmed preschool
wheezers.27 No differences in BAL ECP levels was found between
atopic and non-atopic asthmatic children.43 MMP-9 was increased in
both atopic and nonatopic preschool wheezers.26 However, signifi-
cantly more mast cell tryptase positive cells were present in the lamina
propria in atopic compared to non-atopic asthmatics.41

3.5 | Correlation with other biomarkers

We looked for correlations between airway inflammation and
remodeling with other biomarkers, including radiological imaging.
FeNO was measured in eleven studies,6,8–10,13–15,18,23,45 but only had
a direct correlation with RBM thickness in three (r = 0.474,9 r = 0.61,15

r = 0.4533). There was no association between FeNO and airway
inflammation,14 presumably related to the high levels of treatment
prescribed for patients undergoing clinically indicated bronchoscopy.19

Exhaledbreath condensate cysteinyl leukotrienesweremeasured inone
study and significantly correlated with RBM thickness (r = 0.75).40 The
value of HRCT-scanning was evaluated in only one study,13 reporting a
significant correlation between CT measures of airway wall and
direct measurement of RBM thickness (r = 0.34). Lung function, mainly
spirometry, was measured in 23 studies,8–18,20,23,24,28,33–35,38,40,41,45,46

butwas significantly correlated in only seven6,10–12,14,33,38; for example,
an inverse correlation was reported between FEV1 and ASM (FEV1
r = −0.60),11 FEV1/FVC and RBM thickness (r = −0.54),12 FEV1 and
RBM thinckness (r = −0.18),33 FVC and RBM thinckness (r = −0.23),33

pre- and postbronchodilator FEV1andbiopsyCD4cell counts (r = −0.57
and r = −0.61, respectively),14 and between bronchodilator reversibility
and ASM (r = 0.66).10 Respiratory system resistance was higher in
asthmatics with detectable BAL ECP.38 A direct correlation was found
between intraepithelial neutrophils and FEV1 % predicted (r = 0.43).6

There were no reports comparing sputum or urinary biomarkers with
BAL or airway biopsy.

4 | DISCUSSION

In this systematic review of 39 studies (n = 2390 children) on airway
inflammation and remodeling in asthmatic children under 18 years of
age, we found that airway inflammation and remodeling was not
present at a mean of 12 months of age, but in older pre-school
children (mean 2.5 years), remodeling (mainly increased RBM
thickness) and airway eosinophilia was reported, especially in the
oldest children. However, most of the children studied had been
prescribed anti-inflammatory medications, usually inhaled cortico-
steroids (ICS), and it is likely that, had it been ethical to stop their
treatment, inflammation would have been more prominent.
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However, some studies found no differences in RBM,27 ASM,10 or
BAL cellularity10,30 when comparing asthmatics who were and were
not prescribed ICS. There is no study reporting eosinophilic
inflammation without remodeling being present; conversely, the
presence of remodeling with no eosinophilic inflammation most
likely reflects the anti-inflammatory effects of ICS, and cannot be
taken as evidence that remodeling precedes inflammation.

The ideal study to determine the relationship between the onset
of symptoms and the progression of airway inflammation and
remodeling would be to undertake bronchoscopy with BAL and
airway biopsy in high risk children (eg, parental history of asthma/
atopy or positive API) before the onset of symptoms, repeating this
test frequently over time. For obvious ethical reasons this is not
possible, and we have to draw inferences from inevitably suboptimal
studies. We know that symptoms precede inflammation and
remodeling28; and we know that remodeling and eosinophilic
inflammation may be present with no symptoms in young people
who may have outgrown asthma.21 Only one study22 demonstrated
that remodeling is present before a diagnosis of asthma was made, but
these children had significant symptoms at the time of bronchoscopy,
and it could be argued that with retrospect, asthma should have been
diagnosed much earlier. Taken together, the literature supports the
view that at the inception of respiratory symptoms the airway is
normal; from age 1 year to school age, remodeling and inflammation
develop in parallel; from school age, remodeling is stable, whereas
inflammation continues unabated; and inflammation and remodeling
persist even in those whose symptoms have resolved.

In the present review, failure to demonstrate eosinophilic
inflammation in the setting of a non-remodeled airway would not
support the hypothesis that eosinophilic inflammation causes remod-
eling. Indeed, airway inflammation is ongoing into adult life, whereas at
least some aspects of remodeling, such as RBM thickness, are non-
progressive,18 although in the first years of life, the processes seem to
go in parallel.27,28

There are some data from adult studies which are informative. In
an experimental study performed in adults with mild asthma,
repeated methacholine-induced bronchoconstriction can cause
remodeling (increased sub-epithelial collagen deposition, increased
periodicacid Schiff staining) without inducing airway inflammation.48

In this context, it is interesting to note the three paediatric studies
which have measured AHR shortly after birth, before the onset of
infection or inflammation.49–51 AHR, presumably as a result of
anatomical changes,52 is associated with long-term adverse respira-
tory outcomes50,53–55; although the pathological correlates of this
are unknown, and hence whether in reality in infants, AHR drives
remodeling. Segmental allergen challenge in adults is also associated
with upregulation of expression of mediators associated with
remodeling56; however, this effect appeared to be independent of
an airway eosinophilic response57 and in any case the relevance of
acute changes to chronic remodeling is difficult to determine.

Hencewe cannot confirm or refute any of the three hypotheses as
to the relationship between inflammation and remodeling, but the
balance of evidence (at least in pre-clinical models) is that airway

inflammation and remodeling are parallel processes, as was demon-
strated in a murine model.58 In that study using a neonatal murine
model with intranasal house dust mite challenge, airway responsive-
ness, airway remodeling and eosinophillic inflammation developed in
parallel.58 Interestingly, among those seven studies where airway
inflammation and remodeling were simultaneously measured, there
was no single study were remodeling was present in absence of
inflammation. Currently, no studies in patient with asthma have been
able to determine whether some aspects of airway remodeling in may
be protective or deleterious.

We could find two autopsy studies in the literature. Similarly to our
findings, in a recent study59 airways of 12 fatal cases of childhood
(mean age of death of 3.1 years) and adolescent asthma were
comparedwith eight controls showed significantly thickened RBMand
eosinophil inflammation than controls; but ASM% was increased only
in one-third of fatal asthma cases, exclusively in large airways. Large
airway ASM% increased with age and correlated with RBM and
duration of asthma. A much older study60 reported results from four
children, two lung biopsies and two autopsies, with similar findings.
Lung tissue showed eosinophilic inflammation and reticular basement
membrane thickening.

The obvious weakness of this systematic review is the absence of
the definitive study in the literature (above). Another problem is that,
whereas there numerous surrogates for airway inflammation, including
induced sputum, FeNO and peripheral blood eosinophil count, there
are no real non-invasive surrogates for remodeling. Urinary desmosine
has been proposed, but changes are not closely related to airway
remodeling, and CT measurements of airway wall thickness in children
were disappointing.61 Possibly newer imaging technics, for example,
magetic resonance imaging with inhalation of hyperpolorized gas,
molecular oxygen, and fluorinated gas will be of more use.62 A pilot
study suggested exhaled breath condensate cysteneyl leukotriene and
RBM thickness has a significant relationship in the subgroup of
children who were not treated with montelukasts40 but this has not
been confirmed. Non-invasive measures of airway remodeling are a
current research priority. Finally, most if not all studies are confounded
by treatment effects. It is rarely if ever justified to bronchoscope a
treatment naïve wheezing child. So the effects of ICS in particular on
inflammation and remodeling cannot be quantified.

Another weakness is the lack of standardization of morphometric
techniques. A joint task force of the American Thoracic Society and
European Respiratory Society critically reviewed the state-of-the-art
stereological methods in lung morphometry and defined standards to
promote comparability of morphometric studies in pulmonary
research.63 Most of the studies (25/40) reported in the present
systematic review were performed before this statement was
published, and there are methodological inconsistencies between
them. Future collaborative studies with common protocols following
the Task Force recommendations are crucial for a better understand-
ing of the relationship between airway inflammation and remodeling in
children with asthma.

Another weakness is the paucity of studies which analyzed more
parameters of airway remodeling than RBM thickness or ASM volume.
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Airway remodeling is an umbrella term comprising many components
which may have different pathways, and conclusions may be different
for different parameters. Also, the subgroup analysis in age less than
1-2 years of age relies on a single study. Furthermore, children with
only mild and moderate wheezing syndromes are unlikely to come to
bronchoscopy, and our conclusions are only applicable to the subgroup
with really severe symptoms.

It is unclear whether epithelial desquamation in endobronchial
biopsies in asthmatic children is an artefact of tissue sampling or a true
pathologic feature of asthma. In small biopsies in particular mechanical
force may affect the tissues during collection and processing.63 We
found only three studies,8,9,36 reporting epithelial shedding, and in one
increased epithelial shedding was found in asthmatics compared to
controls.36

In summary, this systematic review has failed to identify data to
elucidate the relationship between inflammation and remodeling in
children with wheezing/asthma. If the relationship between inflam-
mation and remodeling is to be resolved, a key research priority is to
identify reliable non-invasive measurements of inflammation and
remodeling that can be used at all ages, including infants and preschool
children. This would allow longitudinal assessments and enable us to
determine which if any aspects of remodeling are protective and
should be augmented, and which worsen airflow obstruction and
should be treated.
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