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a  b  s  t  r  a  c  t

Bacillus  Calmette-Guerin  (BCG)  vaccination  has been  reported  to protect  neonates  from  non-tuberculous
pathogens,  but no biological  mechanism  to explain  such  effects  is  known.  We  hypothesised  that  BCG
produces  broad-spectrum  anti-microbial  protection  via  a hepcidin-mediated  hypoferraemia,  limiting
iron  availability  for pathogens.

To  test  this  we conducted  a  trial  in 120  Gambian  neonates  comparing  iron  status  in the  first  5-days
of  life  after  allocation  to: (1)  All  routine  vaccinations  at birth  (BCG/Oral  Polio  Vaccine  (OPV)/Hepatitis  B
eywords:
CG

ron
epcidin
eterologous effects

Vaccine  (HBV));  (2)  BCG  delayed  until  after  the study  period  (at day 5);  and (3)  All  routine  vaccinations
delayed  until  after the study  period.

Vaccine  regime  at birth  did  not  significantly  impact  on  any  measured  parameter  of  iron  metabolism.
However,  the  ability  to  detect  an  effect  of BCG  on  iron  metabolism  may  have  been  limited  by  short
follow-up  time  and  high  activation  of the  inflammatory-iron  axis  in  the  study  population.

ublis
eonate ©  2015  The  Authors.  P

. Background

The possibility that BCG vaccination might protect neonates
gainst non-tuberculous infections has been suggested by two
andomised controlled trials [1,2] and numerous epidemiological
tudies [3–7]. However, the theory has failed to gain acceptance,
artly due to the lack of a putative biological mechanism to explain
uch effects. The randomised trials indicated that protection was
trongest within 3 days post-vaccination thus implicating an effect
n innate immunity [2]. We  theorised that BCG might mediate its
eterologous effects by stimulating an iron-withholding response,
s part of an acute phase reaction to vaccination.

Iron is critical for the growth and virulence of the majority of
uman pathogens [8]. The acute phase response produces a rapid

eduction in serum iron limiting its availability for pathogens.
his hypoferraemia is thought to be primarily orchestrated by
L-6 (and possibly other inflammatory cytokines) up-regulating

Abbreviations: BCG, Bacillus Calmette-Guerin; EDTA, ethylenediaminetetraace-
ic acid; ELISA, enzyme linked immunosorbant assay; HBV, Hepatitis B Vaccine; IL-6,
nterleukin 6; OPV, oral polio vaccine; TSAT, transferrin saturation.
∗ Corresponding author. Tel.: +44 207 958 8125.

E-mail addresses: sarah.prentice@lshtm.ac.uk (S. Prentice), mwjallow@mrc.gm
M.W.  Jallow), Andrew.prentice@lshtm.ac.uk (A.M. Prentice).

ttp://dx.doi.org/10.1016/j.vaccine.2015.04.087
264-410X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article u
hed  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).

hepcidin in the liver. The iron-regulatory hormone hepcidin acts on
macrophages and enterocytes to internalise the transmembrane
iron-transporter protein ferroportin. This sequesters circulating
iron within macrophages and reduces enteric absorption of dietary
iron.

The kinetics of iron metabolism in the early neonatal period
are poorly described, but it is believed to be a period of high iron
flux. Fetal red cell mass is higher than post-natally [9], with excess
erythrocytes broken down in the first few days following birth. Dif-
ficulties metabolising the haem component of haemoglobin are
commonly seen in neonates, in the form of jaundice. High iron
loads may  contribute to the enhanced risk of infections that occur
during the neonatal period, exemplified by the 20-fold increased
risk of Escherichia coli sepsis that occurred in Polynesian infants
following provision of iron dextran at birth [10]. Thus, reduc-
tion of serum iron as an innate immune strategy to limit the
growth of pathogens may  be particularly beneficial in the neonatal
period.

The effects of BCG, and other vaccines, on the inflammatory-
iron pathway in humans are unknown. Several lines of evidence,
however, suggest that impacts on this pathway do occur: (1) BCG is

a strong inducer of IL-6 [11] and other innate cytokines [12] in-vivo;
(2) live-vaccinations similar to BCG produce strong up-regulation
of hepcidin in fish [13]; and (3) BCG in guinea-pigs leads to a rapid
bacteriostatic hypoferraemia [14].

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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We  therefore conducted a proof-of-principal controlled trial in
ambian neonates to investigate the impact of BCG, and other vac-
ines received at birth, on iron metabolism in the first five days of
ife.

. Methods

80 healthy Gambian neonates were randomly allocated to
eceive BCG (Danish Strain 1331, Batch 11023B, 0.05 ml  intra-
ermally into the left deltoid) either at birth, or after completion
f study procedures at five days old. All other routine immuni-
ations (Oral Polio Vaccine (OPV)) and Hepatitis B Vaccine (HBV)
ere given at birth as normal. A data manager not directly involved

n the study, conducted randomisation using Microsoft Access,
pon delivery of an eligible infant. Blocked randomisation using
locks of six with a 1:1 allocation ratio was used. Due to concerns
egarding the potential confounding influence of OPV and HBV at
irth, a third non-randomised group of 40 infants was subsequently
ecruited and received all vaccinations after completion of study
rocedures at five days of age. Recruitment ran from May  2013 until
ebruary 2014, with the first two, randomised groups, recruited
uring both rainy and dry seasons, and the third non-randomised
roup recruited during the dry season.

All participants had a 2 ml  baseline venous blood sample taken
ithin 24 h of delivery, prior to receipt of any vaccinations, and a

urther 2 ml  venous blood sample taken either 24–48 or 72–96 h
ost-intervention. Blood was collected directly into microtain-
rs (Becton–Dickson: 0.5 ml  collected into EDTA containing tubes,
.5 ml  into lithium–heparin containing tubes) from the dorsum
f the hand. Full blood counts were assessed from EDTA blood
sing the automated Medonic analyser. Lithium–heparinised blood
as centrifuged for 4 min  at 3600 g within 4 h of collection and

he plasma stored at −70 ◦C until analysis. Iron parameters were
easured using the automated Cobas Integra 400 plus (Roche Diag-

ostics). Plasma hepcidin was measured in duplicate, using a 1:20
ilution by competitive ELISA (Bachem-25, USA) with detection
ange 0.02–25 ng/ml. Plasma IL-6 was measured in duplicate using

 1:2 dilution by competitive ELISA (BD OptEIA, Oxford, UK), with
etection range 0.49–250 pg/ml. Samples with readings outside the

inear portion of the curve were re-run at alternative dilutions.
alues below the limit of detection were imputed using limit of
etection/

√
2. Any samples with an intra-assay co-efficient of vari-

nce >15% were re-analysed.

Demographic, birth details and anthropometry were collected

t enrolment. Due to the rural nature of the study site, all births
ere vaginal. Deliveries and follow-up visits were conducted at

he participant’s home.

able 1
opulation characteristics by intervention group.

Group 1 

BCG/OPV/HBV 

n = 40 

Gender (male, %) 51.2 

Gestational age (weeks) 38.2 

Birth  weight (g) 3065 

Length (cm) 50.8 

Head  circumference (cm) 34.4 

Parity  3.2 

Maternal iron supplementation 95.1% 

Timing of pre-intervention blood sample (hours) 6.85 

Admissions to hospital during study perioda 1 

Deaths during study periodb 0 

a All admissions were for presumed neonatal sepsis. All infants received antibiotics and
b One study participant died at home between the first and second study visits, cause o
c Categorical variables were compared using the Chi-squared test. Continuous variable
3 (2015) 2963–2967

Full informed consent was obtained from mothers antenatally
by a trained midwife. Inclusion criteria were (1) Consenting mother
(2) Residence within the study area. Exclusion criteria were (1)
Infant weighing <2000 g (2) Maternal HIV or TB (3) TB contact in
the home (4) complicated delivery (5) major congenital anomaly
(6) infant unwell as judged by a doctor or a midwife. The Consort
flow diagram for the study can be found as supplementary material.

Clinical investigators and mothers were not blinded to inter-
vention allocation due to lack of feasibility (BCG produces a visible
reaction) and for safety, so that any mothers would be aware
of the vaccination status of the child. Laboratory investigators
were blinded to intervention allocation, with assays conducted by
anonymous study number. Data were analysed using Stata Version
11.0. Categorical variables were compared using the chi-squared
test and continuous variables by one-way ANOVA. Hepcidin and IL-
6 results were not normally distributed and were log-transformed
prior to comparison. Intervention allocation code was not broken
until the data were cleaned and locked.

As this study was  a small proof-of-principal trial, with short
follow-up and no clinical endpoints, no data safety monitoring
board was appointed. Safety data were monitored in real time by
clinical investigators who were not blinded to intervention allo-
cation. There was  no significant difference in incidence of serious
adverse events by intervention allocation group (see Table 1).

Ethical approval was  obtained from the joint Gambia Govern-
ment/MRC Unit The Gambia ethics committee (Ref: SCC1325) and
the London School of Hygiene and Tropical Medicine ethics com-
mittee (Ref: 012-045). This trial was conducted according to the
principles of the Declaration of Helsinki.

3. Results

Baseline demographic variables were balanced amongst the
three intervention groups (Table 1), suggesting that adequate ran-
domisation occurred and that the third, non-randomised arm, was
comparable.

As shown in Fig. 1, there was  no significant impact of BCG or
other routine immunisations received at birth on any measured
parameters of the inflammatory-iron axis at either 24–48 h or
72–96 h post-intervention. No significant differences were found
when comparing (1) intervention groups at each blood sampling
point (Table 2), (2) within-infant changes to parameters over time
by intervention group and (3) infants receiving any vaccines at birth

(groups 1 and (2) with vaccination naïve infants (group 3) (data not
shown, all p-values > 0.05). The hepcidin levels in group 3 (recruited
separately in the dry season) showed a trend toward being lower at
all time-points. However this finding was  not significant and was

Group 2 Group 3 p-Valuec

OPV/HBV No vaccines

n = 40 n = 40

48.7 47.5 0.94
38.0 38.1 0.89

3069 3045 0.71
50.5 50.7 0.91
34.1 34.1 0.48

3.6 4.3 0.48
100% 97.5% 0.38

5.92 7.69 0.29
2 1 1.0
0 1 0.33

 improved within 48 h. They were discharged when blood cultures were negative.
f death unknown.
s were compared using one-way ANOVA.
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Fig. 1. Iron parameters (means ± 95% confidence int

ot reflected by higher iron or TSAT levels. It is thus unlikely to
epresent a true difference.

As previous trials reported more significant effects of BCG in
ale infants results were also analysed by gender (Table 2). In gen-

ral no differences in the impact of vaccine timing on parameters by
ender was found. However, IL-6 was significantly higher in male
nfants receiving BCG at birth than delayed (p = 0.02), and hepcidin
hich was significantly lower in girls who had received all vaccines
elayed (p = 0.004). As these findings were not reflected in changes
o any other parameters of the inflammatory-iron axis, they may
eflect multiple testing artefacts.
) by intervention group and time post-intervention.

4. Discussion

This study found no evidence that BCG or other routine immuni-
sations at birth impact significantly on iron metabolism. However,
we may  have failed to identify an inherent ability for vaccinations to
stimulate the inflammatory-iron pathway for a number of reasons:

First, BCG is a slowly replicating live-organism and may  take

time to reach a level in the body able to stimulate a systemic
response. The later time-point of 72–96 h post-vaccination may
have been too early to identify any impact of BCG on iron
metabolism.
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Table 2
Comparison of mean iron metabolism pathway parameters by intervention group and time post-intervention.

Pre-intervention (<24 h of age) 24–48 h post-intervention 72–96 h post-intervention

Group 1 Group 2 Group 3 p-Valueb Group 1 Group 2 Group 3 p-Value Group 1 Group 2 Group 3 p-Value

n = 39a n = 37 n = 35 n = 17 n = 15 n = 0c n = 20 n = 20 n = 25

Iron (�mol/L) 12.2 14.2 10.6 0.08 12.0 11.3 – 0.65 14.0 12.7 13.2 0.72
Male  11.5 13.4 11.4 0.55 11.3 10.5 0.49 14.0 12.0 12.5 0.55
Female  12.9 15.3 9.6 0.08 12.7 12.8 0.98 14.0 13.1 13.9 0.97

TSAT  (%) 22.8 27.5 23.1 0.37 22.5 22.2 – 0.89 29.4 28.1 27.4 0.88
Male  21.1 26.4 22.9 0.46 22.8 21.2 0.72 30.5 27.2 24.3 0.30
Female  25.3 28.9 23.4 0.71 22.0 24.1 0.79 28.2 28.9 30.9 0.93

Hepcidin  (ng/ml)d 74.5 72.9 56.9 0.52 40.9 49.8 – 0.41 91.0 91.7 66.5 0.32
Male  76.7 100.2 63.1 0.74 35.1 49.4 0.51 80.9 85.1 89.2 0.87
Female  72.0 54.0 51.6 0.33 49.7 50.3 0.86 101.3 98.8 48.4 0.004

IL-6  (pg/ml)d 22.0 22.6 21.6 0.71 21.4 21.7 – 0.12 6.3 7.5 7.1 0.90
Male  30.6 28.1 21.3 0.62 24.5 18.1 0.02 5.8 10.3 7.6 0.54
Female  15.8 17.4 22.0 0.44 16.7 26.1 0.39 6.8 5.3 6.6 0.94

Ferritin  (�g/L) 333.6 324.2 330.9 0.99 308.7 337.3 – 0.43 259.1 256.3 283.5 0.75
Male  287.0 282.8 367.0 0.85 250.4 293.9 0.54 227.9 235.1 285.0 0.53
Female  393.6 371.5 240.6 0.27 396.2 380.7 0.92 304.3 268.2 281.6 0.86

Haemoglobin (g/dL) 17.9 17.2 17.8 0.47 18.8 19.5 – 0.45 18.5 17.4 17.7 0.65
Male  17.4 16.8 17.2 0.72 18.0 19.5 0.10 18.3 15.7 17.5 0.15
Female  18.4 17.7 18.5 0.70 20.0 19.4 0.60 18.6 19.5 17.9 0.68

a Number for each group is the maximum number of blood samples available. Not all parameters were available for all samples due to volume constraints.
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b One-way ANOVA.
c Infants in group 3 were only sampled at the 72–96 h sampling time-point.
d Geometric means.

Second, mean IL-6, hepcidin and ferritin levels in these neonates
ere high, with IL-6 initially 10–20 fold higher [15], hepcidin

.5–2 fold higher [16] and ferritin 5–10 fold higher [17] than
eported circulating levels in older children. Correspondingly TSAT
nd iron levels were at the lower end of the normal range, approx-
mately 50% lower than previously reported ranges from cord
lood [18]. This suggests that the inflammatory-iron axis, whether
ediated by hepcidin-dependent or independent pathways [19]
as already stimulated in all of our study participants, perhaps
ue to acute inflammation precipitated by the birth process [20].

f the axis is already maximally stimulated in these infants any
dditional impact of BCG or other vaccines would not have been
etectable. The non-specific effects of BCG are reportedly highest

n low birth-weight/premature infants. It may  be that stimulation
f the inflammatory-iron axis at birth is blunted in this popu-
ation and is enhanced by immunisations. Thus, impacts on the
ron-inflammatory axis cannot be ruled out as a potential biolog-
cal mechanism to explain the non-specific effects of BCG in such
abies.

To fully understand whether BCG and other routine immu-
isations have an impact on iron metabolism, similar studies in
remature neonates and older infants, from different geograph-

cal regions and with longer blood sampling time points, are
ecessary.

cknowledgements

We thank Drs Sophie Moore and Rita Wegmuller for guidance
nd institutional support; our midwife, Mrs  Fatou Sosseh, and
urses Mr  Simon Jarju and Mr  Edrissa Sinjanka; the laboratory
eam, especially Mr  Ebrima Sise; and the datateam led by Mr  Bai
amin Dondeh and Mr  Bakary Sonko. The study was funded through
ore support (MCA760-5QX00) to the MRC  International Nutrition
roup by the UK Medical Research Council and the UK Depart-
ent for International Development (DFID) under the MRC/DFID
oncordat agreement.

Conflict of interest statement
None.

[

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.vaccine.2015.04.
087

References

[1] Aaby P, Roth A, Ravn H, Napirna BM,  Rodrigues A, Lisse IM,  et al. Random-
ized trial of BCG vaccination at birth to low-birth-weight children: beneficial
nonspecific effects in the neonatal period? J Infect Dis 2011;204(Jul):245–52.

[2] Biering-Sorensen S, Aaby P, Napirna BM,  Roth A, Ravn H, Rodrigues A, et al.
Small randomized trial among low-birth-weight children receiving Bacillus
Calmette-Guerin vaccination at first health center contact. Pediatr Infect Dis
J  2012;31(Mar):306–8.

[3] Roth A, Gustafson P, Nhaga A, Djana Q, Poulsen A, Garly ML,  et al. BCG vac-
cination scar associated with better childhood survival in Guinea-Bissau. Int J
Epidemiol 2005;34(Jun):540–7.

[4] Kristensen I, Aaby P, Jensen H. Routine vaccinations and child survival: follow
up  study in Guinea-Bissau, West Africa. BMJ  2000;321(Dec):1435–8.

[5] Rodrigues A, Fischer TK, Valentiner-Branth P, Nielsen J, Steinsland H, Perch M,
et  al. Community cohort study of rotavirus and other enteropathogens: are
routine vaccinations associated with sex-differential incidence rates? Vaccine
2006;24(May):4737–46.

[6] Stensballe LG, Nante E, Jensen IP, Kofoed PE, Poulsen A, Jensen H, et al. Acute
lower respiratory tract infections and respiratory syncytial virus in infants in
Guinea-Bissau: a beneficial effect of BCG vaccination for girls community based
case-control study. Vaccine 2005;23(Jan):1251–7.

[7] Veirum JE, Sodemann M,  Biai S, Jakobsen M,  Garly ML,  Hedegaard K,
et  al. Routine vaccinations associated with divergent effects on female and
male mortality at the paediatric ward in Bissau, Guinea-Bissau. Vaccine
2005;23(Jan):1197–204.

[8] Drakesmith H, Prentice AM.  Hepcidin and the iron-infection axis. Science
2012;338(Nov):768–72.

[9] Collard KJ. Iron homeostasis in the neonate. Pediatrics 2009;123(Apr):1208–16.
10] Barry DM,  Reeve AW.  Increased incidence of gram-negative neonatal sepsis

with intramuscula iron administration. Pediatrics 1977;60(Dec):908–12.
11] Atkinson S, Valadas E, Smith SM,  Lukey PT, Dockrell HM.  Monocyte-derived

macrophage cytokine responses induced by M.  bovis BCG. Tuber Lung Dis
2000;80:197–207.

12] Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. Bacille
Calmette-Guerin induces NOD2-dependent nonspecific protection from rein-
fection via epigenetic reprogramming of monocytes. Proc Natl Acad Sci USA
2012;109(Oct):17537–42.

13] Mu  X, Pridgeon JW,  Klesius PH. Transcriptional profiles of multiple genes in the

anterior kidney of channel catfish vaccinated with an attenuated Aeromonas
hydrophila.  Fish Shellfish Immunol 2011;31(Dec):1162–72.

14] Kochan I, Golden CA, Bukovic JA. Mechanism of tuberculostasis in mam-
malian serum. II. Induction of serum tuberculostasis in guinea pigs. J Bacteriol
1969;100(Oct):64–70.

http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://dx.doi.org/10.1016/j.vaccine.2015.04.087
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0005
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0010
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0015
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0020
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0025
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0030
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0035
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0040
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0045
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0050
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0055
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0060
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0065
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0070


cine 3

[

[

[

[

[

S. Prentice et al. / Vac

15] Hosick P, McMurray R, Hackney AC, Battaglini C, Combs T, Harrell J. Resting IL-6
and  TNF-alpha level in children of different weight and fitness status. Pediatr
Exerc Sci 2013;25(May):238–47.

16] Cangemi G, Pistorio A, Miano M,  Gattorno M,  Acquila M, Bicocchi MP,

et  al. Diagnostic potential of hepcidin testing in pediatrics. Eur J Haematol
2013;90(Apr):323–30.

17] Wiedemann G, Jonetz-Mentzel L. Establishment of reference ranges for ferritin
in  neonates, infants, children and adolescents. Eur J Clin Chem Clin Biochem
1993;31(Jul):453–7.

[

3 (2015) 2963–2967 2967

18] Paiva Ade A, Rondo PH, Pagliusi RA, Latorre Mdo  R, Cardoso MA,  Gondim SS.
Relationship between the iron status of pregnant women and their newborns.
Rev Saude Publica 2007;41(Jun):321–7.

19] Guida C, Altamura S, Klein FA, Galy B, Boutros M,  Ulmer AJ, et al. A novel inflam-

matory pathway mediating rapid hepcidin-independent hypoferremia. Blood
2015;125(Apr):2265–75.

20] Marchini G, Berggren V, Djilali-Merzoug R, Hansson LO.  The birth process
initiates an acute phase reaction in the fetus–newborn infant. Acta Paediatr
2000;89(Sep):1082–6.

http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0075
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0080
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0085
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0090
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0095
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100
http://refhub.elsevier.com/S0264-410X(15)00573-3/sbref0100

	The effect of BCG on iron metabolism in the early neonatal period: A controlled trial in Gambian neonates
	1 Background
	2 Methods
	3 Results
	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


