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Abstract

Purpose: Current American Academy of Pediatrics guidelines for children with Down syndrome
(DS) recommend a complete blood count (CBC) at birth and hemoglobin annually to screen for
iron deficiency (ID) and ID anemia (IDA) in low-risk children. We aimed to determine if
macrocytosis masks the diagnosis of ID/IDA and to evaluate the utility of biochemical and red
blood cell indices for detecting ID/IDA in DS.

Methods: We reviewed data from 856 individuals from five DS specialty clinics. Data included
hemoglobin, mean corpuscular volume, red cell distribution width (RDW), percent transferrin
saturation (TS), ferritin, and c-reactive protein. Receiver operating characteristic curves were
calculated.
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Results: Macrocytosis was found in 32% of the sample. If hemoglobin alone was used for
screening, all individuals with IDA would have been identified, but ID would have been missed in
all subjects. RDW had the highest discriminability of any single test for ID/IDA. The combination
of RDW with ferritin or TS led to 100% sensitivity, and RDW combined with ferritin showed the
highest discriminability for ID/IDA.

Conclusion: We provide evidence to support that a CBC and ferritin be obtained routinely for

children over 1 year old with DS rather than hemoglobin alone for detection of ID.
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INTRODUCTION

Down syndrome (DS; OMIM 190685) is associated with hematological differences,
including a relatively high prevalence of macrocytosis (large mean corpuscular volume of
red blood cells) compared with individuals without DS.1=4 While macrocytosis has not been
linked to health problems in DS, it may contribute to difficulties in the diagnosis of iron
deficiency using red blood cell indices in this population.:2 A prior prospective, single-site
study by Dixon and colleagues demonstrated that while the prevalence of iron deficiency/
iron deficiency anemia (ID/IDA) in DS was found to be similar to the general population,
the diagnosis of ID/IDA was missed in a majority of individuals when red blood cell indices
alone were used for screening.?

Iron deficiency with or without anemia early in life has been associated with adverse long-
term outcomes. Studies in both humans and animals have demonstrated that early iron
deficiency affects neuronal function and myelination and is associated with behavioral
abnormalities.® Long-term follow-up studies have additionally shown that iron deficiency in
childhood is associated with poorer cognitive function and alterations in behavior and mood
through adolescence and adulthood.>~7 Therefore, it is critical to identify and treat iron
deficiency for all children at an early stage of brain development.

IDA is typically detected by screening hemoglobin or hematocrit in the general population,
with IDA defined by hemoglobin values less than 11.0 g/dL (110 g/L).8 Hemoglobin has
good sensitivity but poor specificity for detection of IDA in the general population, requiring
further evaluation with serum ferritin and c-reactive protein (CRP) or reticulocyte
hemoglobin concentration to determine if 1D is the underlying cause.® For children with DS,
the current health-care guidelines recommend a complete blood count (CBC) at birth and
screening hemoglobin levels for children without additional risk factors for ID/IDA (e.g.,
low dietary iron intake), with further evaluation of ferritin and CRP recommended when risk
factors are present or hemoglobin levels are less than 11.0 g/dL.10

The goal of the current study was to evaluate the utility of screening measures for ID/IDA in
DS in a relatively larger sample than the prior study by Dixon and colleagues.? We evaluated
the utility of both individual and combined biochemical measures and red blood cell indices
for detection of ID/IDA. Based on prior findings from Dixon and colleagues showing poor
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utility of hemoglobin and high prevalence of macrocytosis,? we hypothesized that the
currently recommended guidelines to use hemoglobin alone for screening in low-risk
children annually would be inadequate for diagnosing ID/IDA in a larger sample of children
with DS.

MATERIALS AND METHODS

Participants provided informed consent to participate in the International Down Syndrome
Patient Database,1 a multicenter registry of provider-entered data. Five sites with dedicated
DS clinics participated in this particular study including Bambino Gesu Children’s Hospital
and Research Institute (Rome, Italy), Duke University Medical Center (Durham, NC),
Massachusetts General Hospital (Boston, MA), Nationwide Children’s Hospital (Columbus,
OH), and University of Pittsburgh Medical Center Children’s Hospital of Pittsburgh
(Pittsburgh, PA). Approval was obtained from the institutional review boards at each center.
Consent was obtained from participants or their legal guardians to extract data from medical
records and enter information into a shared database. All sites agreed on the clinical need for
the laboratory measures, and some sites modified their routine clinical practice for all
patients with DS based on prior published evidence recommending a CBC, percent
transferrin saturation (TS), and ferritin for screening of ID/IDA for children with DS.2

The inclusion criterion for participation was any individual with DS who had not been
previously treated for ID/IDA. For patients who had data from multiple clinic visits as part
of the registry, data from the first clinic visit were chosen for inclusion in the study unless
the individual was under 1 year of age at that visit. In this case, data from the next visit
where the participant was over 1 year of age were chosen for inclusion. These criteria were
based on the higher risk for ID/IDA in toddlers who have transitioned from iron-fortified
formula and infant foods to cow’s milk.?

Data collection included demographic variables, red blood cell indices including
hemoglobin, mean corpuscular volume (MCV), and red cell distribution width (RDW), and
biochemical measures including serum iron, total iron binding capacity (TIBC), ferritin, and
CRP. TS was calculated as the serum iron divided by TIBC. As normal reference ranges
varied across sites based on individual laboratory instruments and reagents, inclusive
minimum and maximum values were used to determine normal ranges across all sites
(lowest minimum and highest maximum). Data was also collected from a subset of
participants who had data available on general dietary information (breast milk, formula, or
cow’s milk) to include as secondary variables in the analysis.

Definitions of ID/IDA were the same as in the prior study by Dixon and colleagues.? ID was
defined as two abnormal biochemical markers of iron (low ferritin and low TS), or one
abnormal biochemical marker plus elevated RDW. IDA was defined as ID plus a low
hemoglobin concentration as defined by inclusive reference ranges across institutions (Table
S1). Those individuals identified as having ID did not include those who met criteria for
IDA.
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Statistical analyses included Fisher exact tests or Kruskal-Wallis tests where appropriate.
Receiver operating characteristic (ROC) curves were calculated to determine
discriminability for each measure in detecting ID/IDA. Test characteristics were calculated
including sensitivity (proportion correctly identified as having ID/IDA), specificity
(proportion correctly identified as not having ID/IDA), positive predictive value (PPV,
probability that those with abnormal values truly have ID/IDA), negative predictive value
(NPV, probability that those with normal values truly do not have ID/IDA), and ROC (ability
to distinguish between the presence and absence of ID/IDA). To assess for effects of
potential inflammation on serum ferritin and TS levels, the utility of these measures were
assessed both in isolation and in the setting of a normal CRP. Additionally, R squared was
calculated for the relationships between CRP and ferritin and between CRP and TS. Finally,
based on a study that compared ferritin with the gold standard of bone marrow iron stores, a
supplementary analysis was performed to explore the effects of an alternative cutoff (under
18 ng/mL or 40.45 pmol/Lng/mL) for ferritin in detecting ID/IDA.12

RESULTS

Data were collected from a total of 856 participants (Table 1). ID was relatively more
common in children under 36 months of age (present in 18/178, or 10%) than those over 36
months (present in 28/678, or 4%) (p = 0.005). No significant differences were found in the
prevalence of ID/IDA by sex, race, or ethnicity. The prevalence of ID overall was 6.66% and
prevalence of IDA was 1.19% for this clinic-based cohort. There was a significant overall
impact of site on the prevalence of ID/IDA (p < 0.0001) (Table 2). The site with highest
prevalence of ID/IDA (Nationwide Children’s) also had a relatively younger population with
more children under 36 months of age (v < 0.0001) than other sites. In children over age 3
years, IDA was more common in males than females (p = 0.05). Within the group of
females, the prevalence of IDA was higher in those age 13 or older (5.5%) compared with
females under age 13 years (0.7%) (o= 0.03).

Average laboratory values for individuals with no ID/IDA, 1D, and IDA are presented in
Table 3. Macrocytosis (defined as MCV greater than the normal reference range) was
present in 31.9% of the population overall. The prevalence was 41.9% in those under 36
months and 29.3% in those over 36 months.

The diagnostic utility of individual and combined measures for detecting ID/IDA is
presented in Tables 4 and 5. Hemoglobin measures alone were normal for 46/56 subjects
(82%) with ID/IDA, corresponding to normal hemoglobin values in all individuals with 1D
only (n=46) and low hemoglobin in all individuals with IDA (7= 10) (per our predefined
criteria for IDA). High RDW alone had the highest discriminability of the individual tests
for ID. The combination of high RDW with low ferritin or low TS led to 100% sensitivity
for detecting ID/IDA, with the combination of high RDW or low ferritin showing the highest
discriminability of the combined tests. The supplementary analysis of ferritin utility using a
cutoff of under 18 ng/mL showed higher discriminability for detecting ID/IDA than with the
institution-based reference ranges (Table S2). Statistically significant associations (p <
0.0001) were found when correlating CRP with ferritin and CRP with TS values, but both
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relationships were associated with low R-squared values of 4.9% and 4.7%, respectively
(Figs S1 and S2).

For a subset of 88 individuals with available dietary information (breast milk, formula, or
cow’s milk), the prevalence of ID/IDA was significantly different between groups (p=
0.006). ID was present in 6 of 60 individuals taking cow’s milk (10%), 4 of 6 individuals
taking breast milk (66.7%), and 1 of 22 individuals taking formula (4.6%). IDA was present
in 3.3% of those on cow’s milk (2/60), with no individuals taking breast milk or formula
having IDA.

DISCUSSION

The results of this study indicate that the use of hemoglobin as a solitary screening measure
likely leads to missed diagnoses of ID in individuals with DS. Hemoglobin measures are
currently recommended by the American Academy of Pediatrics (AAP) to screen for
ID/IDA in both the general population®13 and in individuals with DS with no additional risk
factors at 1 year of age, repeated annually for children with DS.10 However, our results
indicated a high prevalence of macrocytosis with poor discriminability for both hemoglobin
and MCV values for identifying ID/IDA in DS, supporting the role of macrocytosis (high
MCV) in masking the diagnosis.

Our data indicated that isolated elevation in RDW values had the highest discriminability
(based on the ROC value) of the individual tests for detecting ID/IDA in DS. While RDW
had a relatively low PPV of 38, it is notable that PPV is not the ideal predictor of utility of
screening measures for a low-prevalence condition, as PPV values decrease with prevalence.
14 However, RDW had the highest ability to discriminate between the presence and absence
of ID/IDA because of the tradeoff between sensitivity and specificity. Elevated RDW is the
earliest hematological indicator of ID as iron begins to be depleted from bone marrow.® The
discriminability of RDW for identifying ID/IDA in the current data was found to be higher
than in the prior study by Dixon and colleagues,? which found that RDW had a sensitivity of
62% (compared with 93% for ID/IDA combined in the current study). This may be related to
differences in the sample size, characteristics of the cohorts, or variation in normal reference
ranges between studies.? Our study used inclusive reference ranges across multiple
institutions, as these ranges have some variation between laboratories. A study of the ability
of RDW to predict ID/IDA in typically developing children showed limited utility as a
primary biomarker, but direct comparison to our data set is confounded by differences in
reference ranges and the definitions of 1D/IDA.16

According to our a priori definitions of ID/IDA, the combination of high RDW andan
abnormal biochemical measure (ferritin or TS) would have perfect discriminability. We
aimed to clarify the relative utility of panels of measures where at least one abnormal value
would be required (e.g., high RDW oran abnormal biochemical measure). While the
measures are inherently correlated with one another, the goal of these analyses was to
determine which measures account for the most variability and provide the most clinical
utility. Of the combined tests, the combination of either high RDW or low ferritin values had
100% sensitivity with the highest discriminability for detecting ID/IDA in DS. The addition
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of TS to RDW measures also led to improved sensitivity to 100% as defined by our criteria,
but this combination was also associated with more false positives according to our
definitions of ID/IDA (i.e., cases where TS was low but criteria for ID/IDA were not met
because ferritin and RDW were normal). The combination of low ferritin or low TS (without
including RDW) led to a reduction in sensitivity for ID/IDA, suggesting that inclusion of
RDW has particular utility.

Macrocytosis was found at a total prevalence of 31.9% in our clinic-based sample of
individuals with DS and at 41.9% in the younger children with DS, compared with the
prevalence of 1.7-3.6% in the general population.1”=20 While the etiology of macrocytosis
in DS is unknown, it has been previously demonstrated that MCV values are significantly
higher in children with DS than in typically developing children.1~* Based on the increased
MCYV values, the current AAP guidelines specify that MCV is not useful as a screening tool
for ID in children with DS.19 Multiple studies have found no significant relationships
between macrocytosis and other comorbid health issues in DS, including hypothyroidism,
megaloblastic anemia, or congenital heart disease.1-24 While our sample was not
population-based, the prevalence of macrocytosis in the current study was consistent with
prior reports in DS, which have ranged from 22% to 66% with greater prevalence in younger
age ranges.1=3 This suggests that the typical reference ranges used in the assessment of ID
are misleading in DS, as MCV levels in a child with DS and ID/IDA may be within the
“normal” range, and yet reflect a relative microcytosis for the DS population.!

In general, there have been few new studies on screening for iron deficiency since
publication of the AAP guidelines for the general population in 2010.8:° Hemoglobin is
typically used as a first-line screen in the general population because of its low cost and
convenience for measurement, but it is a late indicator of ID that is found to be low after lack
of iron impacts circulating hemoglobin levels and is a poor predictor of ID without IDA in
typically developing children.%:13:21 The current AAP guidelines for screening ID/IDA in
both the general population and in individuals with DS recommend screening with
additional laboratory measures beyond hemoglobin for children with risk factors, including
history of prematurity or low birth weight, lead exposure, and dietary factors including a
lack of iron-rich foods and weaning to whole milk.%10 Low socioeconomic status and
having Mexican American ancestry have also been identified as risk factors in the general
population.? Studies investigating utility of screening dietary factors (low intake of meat,
bread, cereals, fruits, and vegetables and high intake of dairy, fried foods, and sweets) have
shown variable estimates of sensitivity (ranging from 71%-95%) and specificity (15%-95%)
for ID/IDA in high-risk populations.22-24 While dietary information is likely to be useful for
identifying additional risk for ID/IDA, the data suggest that screening by definitive
laboratory measures is still necessary to identify ID before IDA develops.22 In cases where a
comprehensive dietary history cannot be obtained, the use of laboratory measures is likely to
be especially important in screening for ID/IDA.

The current view by the US Preventive Services Task Force is that there is insufficient
evidence to recommend screening of ID/IDA in the general population of children due to
lack of evidence that screening or iron supplementation improves neurocognitive outcomes.8
While additional data are needed, multiple human and animal studies have supported the
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role of ID/IDA in neurodevelopment and cognitive and behavioral deficits.>7-25-27 The view
of the AAP is that screening young children to minimize ID/IDA is worthwhile even if
criteria establishing causality between ID/IDA and adverse outcomes have not yet been
established.® Screening children with DS using accurate laboratory measures can allow for
prevention of IDA and the potential associated neurocognitive sequelae, especially important
given that developmental delay and intellectual disability are universally present to some
degree in DS. Further, children with DS are more likely to have associated health conditions
increasing risk for ID/IDA including surgeries during infancy, feeding problems/food
selectivity, gastroesophageal reflux, thyroid disease, and celiac disease.?

While ferritin measures alone have been found to have promise for detecting ID/IDA in
typically developing children at low risk for acute or chronic inflammation,28 these findings
may not apply to the DS population, which has been found to have differences in
inflammatory pathways and immune dysregulation.2® While our data did not show a strong
relationship between ferritin and CRP, it is generally recommended to obtain CRP measures
if ferritin alone is used to test for ID/IDA because ferritin is known to be an acute-phase
reactant and may be elevated in the presence of inflammation, infection, or other disease.%:1
If ferritin is elevated in a setting of suspicious ID/IDA, examining other parameters such as
RDW and TS would be helpful, in addition to review of a blood smear by a provider with
expertise in hematology.

An additional factor influencing the utility of ferritin for detecting ID/IDA is the optimal
reference range. One study has investigated the association between ferritin levels and bone
marrow iron (the gold standard for detecting ID) in a sample of 87 children from Malawi,
and found that a cutoff of less than 18 ng/mL was optimal for the studied population.12 As
reference ranges differ across institutions based on the local population for each institution,
it is not surprising that cutoff values would vary in a region where infection is endemic.
However, our supplementary analyses indicated that changing the cutoff value to less than
18 ng/mL led to higher discriminability of ferritin for ID/IDA, suggesting that consideration
of alternative cutoff values may be useful for interpretation of low ferritin as a solitary
measure for ID/IDA. The data in the current study indicated that RDW and TS measures had
higher discriminability for ID/IDA than ferritin even with this higher cutoff value,
suggesting that RDW and TS provide additional utility for screening for ID/IDA.

Based on the poor utility of hemoglobin as a screening measure for children with DS,
challenges with screening based on parental report of dietary history, and high prevalence of
macrocytosis in DS, our approach to screening for ID/IDA in DS is to annually obtain a
CBC, with additional periodic measurements of TS (by obtaining serum iron and TIBC) and
serum ferritin. ID would be considered likely in individuals with abnormal RDW, TS, or
ferritin. This approach follows the rationale of White,12 who has argued that hemoglobin
measures provide false reassurance of iron sufficiency in many children who are at risk for
ID/IDA. Costs of these measures vary between institutions, but anecdotal review of cost at
our institutions suggests that obtaining ferritin and CRP may be more costly than TS (by
obtaining serum iron and TIBC). For example, at one US institution in 2019 the costs of a
CBC, TS, and ferritin with CRP were around US$90, $210, and $260, respectively. While
there are no published guidelines on recommended frequency of screening with biochemical
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measures, our clinics have routinely obtained ferritin and TS only every few years (while
continuing to obtain a CBC annually) if results have been normal, minimizing the additional
cost of screening. Future research is needed to provide guidance on the optimum frequency
of screening in the DS population. In clinics with limited resources, using the RDW value
alone from the CBC may provide the best combination of accuracy and economy, since our
data indicated that high RDW had the best discriminability of the individual tests. Ferritin
alone had lower discriminability as an individual measure, but because of its high specificity
for ID/IDA it provided additional utility when combined with RDW. TS alone, however, had
the highest sensitivity for 1D at 93%. While TS may provide additional utility based on its
high sensitivity, it should also be considered that in some settings it may need to be
manually calculated by mathematically dividing the serum iron value by the TIBC value.

Treatment with a multivitamin with iron or iron supplementation is recommended when
criteria are met for ID/IDA or based on clinical judgment when individual measures are
abnormal. While there are limited guidelines available for treatment of ID without IDA, our
clinics have routinely recommended an age-appropriate multivitamin with 100% of the
recommended daily allowance of iron if TS or ferritin are low, with repeat CBC, TS, and
ferritin in 3 months. If IDA is present (defined by ID with low hemoglobin), the
recommended treatment is ferrous sulfate supplementation, 3—-6 mg/kg elemental iron per
day with follow-up testing recommended in 4 weeks.30 An argument has been made to
provide prophylactic iron supplementation to the general population,3 but iron overload in
infancy has been associated with worse neurodevelopmental outcomes.31:32 Further,
prophylactic iron supplementation in DS would be concerning due to increased risk of injury
by free radicals from excess iron.33 Unnecessary iron supplementation in individuals with
DS could also exacerbate any concerns with chronic constipation, a condition that is
common in individuals with DS.34 Therefore, specificity in identifying those at risk through
laboratory measures is important so a multivitamin with iron can be provided to those with
ID prior to the development of IDA.

Our study was limited in that our sample did not include a control group to directly compare
hematological and biochemical values between children with and without Down syndrome.
The data set was also limited in terms of the ability to assess potential covariates of dietary
factors, comorbid conditions, and socioeconomic status. The presence of other medical
conditions such as thyroid disease, gastrointestinal issues, feeding problems, attention deficit
hyperactivity disorder, and obstructive sleep apnea could have had potential impacts on
ID/IDA that were not assessed in the current study. There were relatively few minorities and
individuals with Hispanic ancestry in the data set, limiting the ability to generalize the
findings. The International Down Syndrome Patient Database is a clinic-based cohort and, as
such, not necessarily a population-based one, so the prevalence findings might not be
generalizable to individuals with DS at large. Finally, our study’s definitions of ID/IDA were
not based on the gold standard of diagnosis via bone marrow biopsy to examine iron stores.
There is no current clinical consensus on the precise definition of iron deficiency through
laboratory measures, as multiple factors can impact iron status, usage, and influence on red
blood cell mass and hemoglobin concentration.
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Future studies may investigate the role of reticulocyte hemoglobin, a relatively recently
studied test to diagnose ID prior to the development of IDA in children. Lower hemoglobin
in reticulocytes reflects earlier changes in bone marrow iron status than hemoglobin
measured from the entire population of red blood cells.35 Reticulocyte hemoglobin has been
found to have better accuracy than hemoglobin for detecting ID in infants and children from
the general population,3®36 but has not yet been tested in a large representative population.
Further, the potential accuracy of this measure in children with DS is unknown, as it is
possible that reticulocyte size could also be larger in children with DS than in typically
developing children.

We conclude that all children with DS who are over 1 year of age and are not taking iron-
fortified formula should be offered regular, intermittent screening for ID/IDA. Our data
suggest that the combination of a CBC (which provides information on hemoglobin and
RDW) and ferritin with CRP provides the best utility for detecting ID/IDA. TS may also be
considered when available as an additional measure to the CBC and ferritin, as TS had the
highest sensitivity for ID of any individual laboratory measure. Given the high prevalence of
macrocytosis in DS and the poor utility of currently recommended screening measures to
identify those with ID prior to the development of IDA, the use of these laboratory screening
measures should be considered to allow for accurate and specific identification of children at
an early age who can benefit from intervention. Future randomized, placebo-controlled trials
are needed to establish neurodevelopmental effects of universal screening by laboratory
measures and treatment of ID/IDA in individuals both with and without DS, compared with
the standard of care of screening only those with known risk factors.3” Future studies in DS
are also needed to assess the effects of common comorbidities and dietary factors on 1D/
IDA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2

Prevalence of iron deficiency (ID)/ID anemia (IDA) by site

Site Normal n = 800 IDan =46 IDAb n=10
Bambino Gesu 502 (94.4%) 27 (5.1%) 3 (0.6%)
n=532

DUMC 111 (96.5%) 3(2.6%) 1(0.9%)
n=115

MGH 78 (95.1%) 2(2.4%) 2 (2.4%)
n=282

NCH 47 (73.4%) 13(20.3%) 4 (6.3%)
n==64

UPMC 62 (98.4%) 1(1.6%) 0 (0%)
n=63

Page 13

DUMC Duke University Medical Center, MGH Massachusetts General Hospital, NCH Nationwide Children’s Hospital, UPMC University of

Pittsburgh Medical Center.

a . . . . . . . .
1D = two abnormal biochemical markers of iron (low ferritin and low transferrin saturation [TS]), or one abnormal biochemical marker plus
elevated red cell distribution width (RDW).

bl DA = ID plus a low hemoglobin concentration.
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