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Background & aims: Interpretation of blood micronutrient levels requires age-appropriate reference
intervals. This study developed age-dependent micronutrient centiles for healthy children (HC) and
explored their utility in sick children.
Methods: 244 blood samples were collected from normal HC who underwent tests for acute illness. Age-
dependent, centile charts were fitted for zinc, copper, magnesium and selenium in plasma and eryth-
rocytes (RBC), and for vitamins B1, B2 and B6 in RBC. For 34 children with Crohn's disease (CrD) and 55
with coeliac disease (CoeD), Z-scores for the levels of these micronutrients were computed, using the
new charts. Associations were explored between plasma and RBC micronutrient Z-scores, and in CrD
with CRP and serum albumin.
Results: In HC, plasma zinc and selenium increased and plasma copper, magnesium and RBC vitamins B1,
B2 and B6 decreased with age. In HC and in CrD, plasma and RBC Z-scores for copper, selenium and
magnesium (all p < 0.001) were positively correlated, but not for zinc. In CrD, albumin was related with
plasma zinc (rho ¼ 0.62; p < 0.001) and selenium Z-scores (rho ¼ 0.65; p < 0.001) and plasma copper Z-
score with CRP (rho ¼ 0.45; p ¼ 0.02). A higher proportion of CrD children had low levels for B2 (21% vs
0%; p ¼ 0.01) and B6 (18% vs 0%; p ¼ 0.02) using the new centile charts than the local laboratory
references.
Conclusion: Age-dependent micronutrient centile charts enable tracking of micronutrient status, Z-score
calculation and may prevent misdiagnosis and inappropriate treatment of deficiencies. In systemic in-
flammatory conditions, RBC measurements of certain micronutrients may be more reliable to use than
measurements in plasma.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The conventional method of assessing the micronutrient status
of an individual is the direct measurement of their levels in bio-
logical specimens, predominantly blood [1]. Nonetheless, inter-
pretation of biochemical measurements is often limited due to the
lack of age-dependent reference intervals for assessments in chil-
dren, and the major effect systemic inflammatory response (SIR)
has on blood micronutrient concentrations, irrespective of actual
tissue levels [1].

The primary aim of this study was to collect plasma and RBC
samples from normal healthy children, measure the concentration
of certain vitamins and trace elements, for which robust reference
intervals are not common, and generate age-dependent smooth
centile charts. Next, we explored relationships between micro-
nutrient concentration Z-scores in plasma with those measured in
RBC, and with markers of SIR. Lastly, we explored the performance
of these novel micronutrient centile charts in children with Coeliac
disease (CoeD) and Crohn's disease (CrD), who can be at risk of
micronutrient deficiencies.

2. Materials and methods

2.1. Development of paediatric micronutrient centile charts

For the development of micronutrient centile charts, surplus
plasma and RBC were collected from routine samples sent to the
clinical biochemistry laboratory of the Royal Hospital for Sick
Children, in Glasgow, between May and November 2011. The aim
was to include only children with no previous history of chronic
illness and who had been admitted to the hospital for acute con-
ditions. A stepwise methodology was used to screen for suitable
participants. Childrenwere included in the study only if they had a
normal CRP (i.e. <7 mg/L) and their haemoglobin and albumin
levels were all within the reference intervals. Childrenwith disease
associated with increased risk of malnutrition were excluded. In a
subsequent cleansing process, the medical records of the screened
childrenwere examined by a physician, and thosewith diagnoses of
chronic disease or more than two follow up visits concerning for
the same reason for admission were removed. From over 7000
samples screened over 6 months, 244 met the inclusion criteria
(Table 1).
Table 1
Characteristics and micronutrient measurements of the healthy controls used for the deve
cohorts of sick children.

Variables Healthy Controls
(n ¼ 244)

Age (years), median (IQR) (range) 8.4 (3.9e11.6) (0.6e17.9)
Male/Female, n (%) 132/112 (54/46)
Height Z-score NA
BMI Z-score NA
CRP, mg/L <7 (100%)
Serum Albumin, g/L 38.5 (37e40) (32e46)
Plasma Zn, mmol/L 11.8 (10.9e13.1) (8.6e17)
RBC Zn, nmol/g Hb 549 (485e597) (292e732)
Plasma Cu, mmol/L 17 (15e19.6) (10.9e25.8)
RBC Cu, nmol/g Hb 44 (40.9e50) (32.6e78.7)
Plasma Se, mmol/L 0.91 (0.79e1) (0.54e1.35)
RBC Se, nmol/g Hb 5.42 (5.01e6.11) (4.16e7.88)
Plasma Mg, mmol/L 0.80 (0.76e0.84) (0.65e0.97)
RBC Mg, nmol/g Hb 7.9 (7.4e8.6) (6.4e10.5)
RBC B1, ng/g Hb 464 (411e530) (325e764)
RBC B2, nmol/g Hb 2.3 (2e2.7) (1.4e4)
RBC B6, pmol/g Hb 445 (397.8e517) (274e1079)

NA: Data are not available; data are presented with medians, IQR and Ranges.
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2.2. Proof of concept cohorts of sick children at risk of micronutrient
deficiencies

To test the performance of the micronutrient centile charts,
children with an established chronic inflammatory condition (i.e.
CrD) on treatment and children with a chronic non-inflammatory
condition (i.e. CoeD) who have been recommended to follow a
gluten-free diet were recruited from the local clinics. In these two
groups, micronutrients were measured as part of research (for
CoeD) or annual clinical micronutrient monitoring (for CrD).

2.3. Laboratory analysis of micronutrients

Three vitamins (B1, B2, B6), three trace elements (zinc, copper,
selenium) and magnesium were measured in plasma and/or RBC
in the Scottish Trace Element and Micronutrient Diagnostic and
Research Laboratory (STEMDRL) (Supporting File 1) [2]. Albumin
and CRP were measured via routine laboratory procedures on an
Abbott Architect analyser. For CRP an immunoturbidimetric
method was used (Abbott, CRP Vario 6K26-41, Limit of Detection
<1 mg/L).

2.4. Development of micronutrient reference centile charts

The generalised additive models for location, scale and shape,
gamlss, package was used in R version 4.02 to plot age-dependent
centile charts and calculate Z-scores for each micronutrient [3].
Models were trialled using different combinations of input to the
GAMLSS function relating to model distribution and smoothing
method, with one degree of freedom. The Aikake information cri-
terion (AIC) and root mean square error (RMSE) were used to select
the optimal model in each case. After the first run, samples with
values below �2 and above 2 SD were excluded and centiles were
replotted to remove anomalous data and increase the fidelity of the
final centile charts. A Z-score less than�2 (i.e. equivalent to the 2nd
centile) was considered to indicate suboptimal micronutrient levels
(i.e. the lower end of the reference interval).

2.5. Statistical analysis

Statistical analysis was performed in Minitab 19 (Minitab Ltd,
Coventry, UK). Spearman correlation was used to analyse the
lopment of the micronutrient reference centile charts and the two proof-of-concept

Crohn's Disease
(n ¼ 34)

Coeliac Disease
(n ¼ 55)

14.2 (11.8e16.3) (4.4e18.2) 9.3 (6.1e11.5) (2.2e15.7)
20/14 (59/41) 22/33 (40/60)
�0.28 (�1.05-0.76) (-2.92-1.40) 0.00 (�0.64-0.62) (-1.52-2.35)
0.06 (�0.58-1.01) (-2.62-3.01) 0.09 (�0.44-0.73) (-2.03-3.34)
<7 (89%) >7 (11%) <7 (100%)
39 (37e40.3) (28e47) 40 (38e41) (34e46)
11.7 (10.4e13.6) (8.5e20.4) 10.6 (9.2e11.9) (3.4e19.8)
NA 540 (507e593.8) (334e685)
15.9 (13e20) (9.7e25) 16.8 (13.6e19) (4.1e104.9)
NA 48.6 (46.7e54) (36e70)
0.91 (0.80e1.05) (0.68e1.88) 0.94 (0.81e1.05) (0.18e7.12)
5.05 (4.60e5.82) (2.90e7.20) 5.51 (5.18e6.41) (3.73e9.15)
NA 0.87 (0.84e0.92) (0.20e5.86)
NA 7.5 (6.9e7.8) (6.4e8.2)
575 (538e650.5) (467e1061) 493 (419e564) (208e761)
1.6 (1.40e2) (1e2.3) 2.23 (2e2.4) (1.6e4.2)
403 (326e592) (223e1185) 466 (390e520) (230e694)
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association between two variables (e.g. association between RBC
and plasma Z-scores). Fisher's exact test was performed to explore
differences in the proportions of patients whose blood micro-
nutrient levels were either low or normal with respect to the local
reference intervals and the new centile charts.

2.6. Permissions

For the development of micronutrient reference charts using
redundant bloods from routine diagnostic test, the need for ethical
review was waived by the West of Scotland Research Ethics Com-
mittee. Children from the CoeD group who participated in research
offered informed consent and their study was approved by the
West of Scotland Research Ethics Committee (reference no. 11/WS/
0006). For children with CrD, data from their annual micronutrient
monitoring were collected retrospectively from medical notes,
following Caldicott Guardian Approval.

3. Results

3.1. Development of micronutrient centile charts

For the development of the reference centile charts, micro-
nutrient measurements from 244 children (male/female: 132/112;
median age: 8.4 years, range: 0.6e17.9 years) were used (Table 1).
The generated micronutrient centile charts are presented in Fig. 1
and individual charts and tables threshold values for age in
Supporting Files 2 & 3. The R code and the data from the HC for the
computation of micronutrient z-scores by independent researchers
and health care professionals using their patient data can be
accessed here: https://doi.org/10.5525/gla.researchdata.1221.

The concentration of zinc in plasma and RBC, as well as that of
selenium in plasma increased with age. For RBC zinc, centiles rose
rapidly from early infancy to approximately 7 years, at which age
there was a plateau until 18 years. In contrast, the concentration of
plasma copper, RBC copper, plasma magnesium, RBC magnesium,
RBC vitamin B1, RBC vitamin B2 and RBC vitamin B6 all decreased
with age. There was no obvious age effect on the concentration of
RBC selenium (Fig. 1).

3.2. Correlations between plasma and RBC Z-scores for trace
elements and magnesium

In HC, positive correlations were observed between the plasma
and RBC Z-scores for copper, selenium and magnesium but not for
zinc (Table 2). These correlations were also replicated in the cohort
of children with CoeD, suggesting that micronutrient status using
plasma measurements for selenium, copper and magnesium are
reflected also in their intracellular RBC measurements.

3.3. Correlations between micronutrient Z-scores with systemic
inflammatory markers in CrD

In the group of 34 children with CrD, plasma zinc and selenium
Z-scores were positively associated with albumin (rho ¼ 0.65;
p < 0.001 & rho ¼ 0.58; p < 0.001; respectively). This was not the
case with intracellular measurements of selenium in RBC suggest-
ing that RBC measurements remained unaffected by SIR. Plasma
copper Z-scores were also positively associated with CRP
(rho¼ 0.45; p ¼ 0.02) whereas a negative correlationwas observed
between the concentration of B1 in RBC and albumin (rho¼� 0.43;
p ¼ 0.03).
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3.4. Classification of micronutrient status in sick children using the
local reference intervals and new centile charts

The micronutrient status of children with inflammatory and
non-inflammatory conditions was classified according to the local
reference intervals (Supporting File 1) and the new centile charts. A
higher proportion of CrD patients had low micronutrient levels,
based on the new centile charts, for vitamin B2 (7/34; 21% vs 0/34;
0%; p¼ 0.01), and vitamin B6 (6/34; 18% vs 0/34; 0%; p¼ 0.02) than
using the local reference intervals (Fig. 2). This tended to be the case
for zinc but the differences did not reach statistical significance.

4. Discussion

This study developed centile charts for seven micronutrients in
HC and subsequently explored their utility in children with in-
flammatory and non-inflammatory gastrointestinal conditions
associated with micronutrient deficiencies. Like the current study,
previous research observed similar age-dependent effects for
plasma selenium in German children [4] and for plasma copper in
American-Caucasian and Iranian children [5,6]. Our data regarding
plasma zinc are in contrast to previous studies [5e7], where no age-
dependent effect was observed, but consistent with the findings of
the National Health and Nutrition Examination Survey in US [8].
Altogether, the current literature pinpoints age-dependent re-
lationships in micronutrient concentrations in blood and advocates
the use of age-standardised expressions of micronutrient concen-
trations using Z-scores or centile charts, as these are presented here
for first time in the literature.

In the current study we also observed positive relationships
between plasma and RBC measurements for copper, selenium and
magnesium, but not for zinc, in HC and in children with CoeD. For
RBC selenium, this finding is supported by previous research in
adults [9], and here we show this is the case for magnesium and
copper. Such findings, replicated in two independent cohorts,
suggest that trace element measurements in RBC could be used
inter-changeably to assess body status. Plasma concentration is the
most used biological matrix for evaluating the status of micro-
nutrients. However, plasma concentrations of most micronutrients
could be affected by other factors, such as SIR, as we have shown for
copper, zinc and selenium in the CrD group of the present study,
thus making interpretation difficult [10]. Thus, in the presence of
SIR, RBC levels of selenium, magnesium and copper, whose con-
centrations remain unaffected, might be used as an alternative to
plasma measurements [11], and the current study provides novel
reference centiles that health care professionals could use in this
context. However, this is not the case for the RBC concentration of
zinc, most likely indicating high preservation of zinc in RBC despite
deterioration of body stores.

Compared to the local laboratory reference intervals, a greater
proportion of children with CrD had blood low levels for vitamin B2
and B6 using the new centile charts. Such differences indicate the
probable limitations with the currently available reference intervals
such as adoption or adaptation of adult reference intervals or use of
small convenience samples of healthy children from the general
population and without accounting for biological variation with age
[12]. The underlying aetiology of lowmicronutrient levels in the two
cohorts of patients studiedwas beyond the primary objectives of this
paper. However, in childrenwith CoeD, where SIR is uncommon, this
could have been due to dietary restrictions imposed during therapy
with a gluten free diet [2]. In the group of children with established
CrD this can be the combined effect of SIR, suboptimal dietary intake

https://doi.org/10.5525/gla.researchdata.1221


Fig. 1. Age-dependent micronutrient centile charts. A: Plasma Zinc; B: Plasma Copper; C: Plasma Selenium; D: Plasma Magnesium; E: Erythrocyte Zinc; F: Erythrocyte Copper; G:
Erythrocyte Selenium; H: Erythrocyte Magnesium; I: Erythrocyte B1; J: Erythrocyte B2; K: Erythrocyte B6.
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or excessive losses [13]. Data to corroborate these assumptions were
not available which is a limitation of the study.

Other limitations include the modest sample size and that only
micronutrient levels were measured, and no other variables were
934
assessed which may determine the potential causes of age-related
trends in nutrient status, such as dietary intake or ethnicity.
Development of the new micronutrient intervals was based on use
of surplus blood from childrenwho attended hospital for diagnostic



Table 2
Correlations between plasma and erythrocyte micronutrient concentration Z-Scores
in healthy children and children with coeliac disease.

Variables Healthy Controls Coeliac Disease

rho P value rho P value

Zn plasma-Zn RBC Z-scores �0.01 0.94 0.05 0.61
Cu plasma-Cu RBC Z-scores 0.28 <0.001 0.31 <0.001
Se plasma-Se RBC Z-scores 0.34 <0.001 0.41 <0.001
Mg plasma-Mg RBC Z-scores 0.12 0.16 0.22 0.04

p-values in bold indicate statistical significance.

M. Al Fify, B. Nichols, L. Arailoudi Alexiadou et al. Clinical Nutrition 41 (2022) 931e936
investigations. One can argue that this population was not entirely
healthy, as defined here, however the fact that all of them had
normal haematological and biochemistry results and no long-term
follow-up suggests that our selection method has captured an
Fig. 2. Classification of micronutrient status using the local Scottish Trace Element and Mic
charts in children with established. a) Crohn's disease and b) Coeliac disease.
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essentially healthy cohort. This is a pragmatic approach around the
ethical issues that existed at the time of the study where collection
of blood samples from childrenwhowere not having them done for
any other reason could not be justified. In the correlation analysis
between SIR and micronutrient concentration in plasma and in
RBC, only few patients had abnormal inflammatory biomarkers;
hence this study may have been underpowered to detect some
additional micronutrients which may be influenced by the SIR.

In conclusion, we developed age-dependent reference values
and smooth centile curves that enable the calculation of Z-scores
will simplify clinical interpretation. Such new standards might
prevent misdiagnosis and mistreatment of vitamin and trace
element deficiency and use of measurements in RBCmay overcome
the limitations of the use of plasmameasurements in inflammatory
conditions.
ronutrient Diagnostic and Research Laboratory reference intervals and the new centile
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