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Abstract

Introduction: Traditional iron parameters often fail to dis-
tinguish the cause of iron-restricted anemia in patients
without an obvious underlying cause. We evaluated whether
an oral iron absorption test (OIAT) and hepcidin measure-
ment could be useful diagnostic tests in these patients.
Methods: We retrospectively analyzed data extracted from
medical records of all patients who underwent an OIAT and
hepcidin measurement, noting subsequent clinical diag-
nosis. A Iron >15 pmol/L during the OIAT and a hepcidin
level below the median (or suppressed <0.5 nm) were
considered appropriate. Results: Thirty-nine adult patients
were included in the study. Sixteen patients with adequate
OIAT had suppressed hepcidin levels indicative of classical
iron-deficiency anemia (IDA); 59% of patients had abnormal
OIAT. In this group, most patients with low hepcidin levels
had anemia associated with abnormalities in the gastroin-
testinal tract, whereas 83.3% patients with high hepcidin
levels had iron-refractory iron-deficiency anemia (IRIDA),
confirmed by genetic testing. Finally, transferrin/log ferritin
ratio accurately identified patients with suppressed hepci-
din: AUC 0.98 [95% Cl: 0.95-1.02], p < 0.001. Conclusion:

OIAT differentiates between classical IDA and other types of
anemia caused by abnormalities in iron absorption or sys-
temic iron availability. Additionally, elevated hepcidin in
patients with oral iron malabsorption could indicate IRIDA.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Plain Language Summary

Anemia - a decrease in red blood cells that transport oxygen — is
a condition that affects a third of the global population and has
been associated with increased morbidity. The most common
type of anemia is caused by hereditary or acquired changes in
iron metabolism, leading to decreased iron availability. Differ-
entiating between the types and causes of iron deficiency is
essential for establishing appropriate therapy. Despite the
currently used iron status indices, the differentiation between
various types of iron-deficiency anemia is still troublesome.

In this retrospective study, we collected data from 39 adult
patients who suffered from anemia associated with iron defi-
ciency and had no signs of bleeding or inflammation. We have
investigated whether performing an oral iron absorption test
and measuring hepcidin, a protein regulating iron metabolism,
could aid in establishing a diagnosis that could explain anemia
and abnormal iron indices.
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In this study, we found that 41% of patients had adequate
oral iron absorption accompanied by suppressed hepcidin
levels, which were suggestive of classical iron-deficiency
anemia. In most of these patients, iron-deficiency anemia
was attributed to excessive menstrual blood loss. In patients
with iron malabsorption, elevated hepcidin levels were
suggestive of a genetic disorder known as iron-refractory
iron-deficiency anemia. In contrast, patients with lower
hepcidin levels were likely to suffer from iron malabsorption
not driven by hepcidin but by conditions affecting the
stomach, duodenum, or pancreas. This study included a
small sample of selected patients; hence, more research is

needed to confirm these findings.  © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Anemia affects a third of the global population and is
associated with increased morbidity and mortality [1-3]. The
most common type of anemia is caused by congenital or
acquired changes in iron metabolism that lead to decreased
iron availability at the site of erythrocyte synthesis [4-6]. The
decreased iron availability can result from absolute iron
deficiency caused by blood loss, inadequate iron intake or
malabsorption, and increased iron needs during pregnancy,
which often leads to iron-deficiency anemia (IDA) [1]. On
the other hand, decreased iron availability can also result
from altered iron distribution — sometimes referred to as
functional iron deficiency or iron-restricted anemia - that is
commonly associated with inflammation and can lead to
anemia of inflammation (AI) [7].

The gold standard for diagnosis of IDA is iron staining
in bone marrow aspirate: an invasive test requiring an
experienced physician to perform and interpret. Con-
sequently, systemic iron indices - such as ferritin, serum
iron, or transferrin — are used in daily practice, but the
pitfalls of these indices have been widely documented due
to their dual role as acute-phase reactants [8]. Combining
classical iron indices can improve diagnostic perfor-
mance, as it has been shown with the transferrin/log
ferritin ratio; however, diagnostic markers reflecting the
underlying pathophysiological processes are still war-
ranted to discern different types of anemia [9].

Hepcidin, a systemic iron regulator, is a promising
biomarker for diagnosing and treating anemia [10-12].
Hepcidin modulates enteral iron absorption and systemic
iron availability by internalizing and degrading ferroportin
(FPN), the only known cellular iron exporter [13]. Hep-
cidin expression is regulated by several stimuli, such as iron
deficiency or inflammation [13]. In systemic iron defi-
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ciency with intracellular iron depletion, low serum iron and
ferritin levels reflect the cellular iron stores. In response to
low serum iron, hepcidin expression is suppressed, which
leads to increased intestinal iron absorption and iron export
from FPN-expressing cells such as enterocytes, hepatocytes,
and macrophages. In contrast, proinflammatory cytokines
promote hepcidin expression that leads to increased FPN
breakdown and iron retention within iron-storing cells,
which is reflected by elevated ferritin levels [13]. Abnor-
malities in hepcidin levels have been observed in different
types of anemia and have been associated with oral iron
malabsorption [12, 14-17]. Studies have shown that serum
hepcidin levels could differentiate IDA from Al in various
patient populations [11, 12, 18-25]. Analogous to hepcidin,
enteral iron absorption — determined by an oral iron ab-
sorption test (OIAT) - was shown to be increased in
patients with IDA and diminished in patients with Al
compared with healthy volunteers [26].

Unfortunately, approximately one-third of anemia
cases are left unexplained, highlighting the need for a
better diagnostic process [27]. The diagnostic workup
using classical iron parameters is particularly challenging
in patients without clinical signs of bleeding or inflam-
mation. In this study, we explored the diagnostic potential
of an OIAT in combination with serum hepcidin levels to
determine the underlying cause of anemia and abnormal
iron status. This study provides insight into how assessing
abnormalities in oral iron absorption and hepcidin levels
may help guide the physician toward establishing the
cause of anemia and appropriate therapy.

Methods

Study Population

Between November 2022 and May 2023, we have conducted an
exploratory retrospective study. We have extracted data from
medical records of 39 adult patients who were referred to the
Department of Internal Medicine at the Haaglanden Medical
Center between 2002 and 2019 because of anemia and abnormal
iron indices without an identified underlying cause. Nearly all
patients had a long-standing anemia and had previously under-
gone treatment with oral or intravenous iron with varying success;
as a result, these patients were referred to a hematologist for
further analysis to establish the cause and treatment of anemia. An
OIAT and serum hepcidin measurement were not part of a
standardized routine care, and these tests were performed at the
discretion of a hematologist during outpatient care to guide further
diagnostic workup because medical history, physical examination,
laboratory tests, and additional investigations (i.e., serological
testing for celiac disease, testing for occult fecal blood loss, Hel-
icobacter pylori infection or chronic inflammatory diseases) did
not yield an explanation. All patients in whom an OIAT and
hepcidin tests were performed were included in this study,
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Table 1. An overview of the study population, stratified by oral iron absorption and hepcidin levels

Patient Sex Age Hemoglobin, MCV, Ferritin, lron, Tsat, Tf/log Hepcidin, A Iron, Diagnosis
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mmol/L fL pg/L pmol/L % ferritin - nm umol/L
Group A: adequate oral iron absorption (A iron >15 mmol/L) and suppressed hepcidin levels (<0.5 nwm)

1 F 39 78 81 6 1.3 12 475 <0.50 445 Menorrhagia,
Helicobacter pylori
infection

2 F 48 45 67 3 22 3 6.92 <0.50 26.4 Menorrhagia

3 M 54 76 88 15 6.3 7 3.06 <0.50 75.7 Etiology not
established

4 F 52 73 74 9 6.0 8 3.14 <0.50 49.6 Etiology not
established

5 F 44 47 55 3 2.7 3 7.96 <0.50 79.0 GERD with reflux
esophagitis

6 F 30 62 74 3 44 4 8.59 <0.50 230 Etiology not
established

7 F 40 6.1 73 4 25 4 4.65 <0.50 53.1 Menorrhagia

8 F 40 67 82 8 56 7 3.54 <0.50 245 Etiology not
established

9 F 66 83 87 20 11.8 14 2.54 <0.50 17.7 Etiology not
established

10 F 37 64 74 3 2.6 4 524 <0.50 20.0 Etiology not
established

1M1 F 53 70 80 6 7 9 3.86 <0.50 219 GERD and uterine
myoma

12 F 48 57 64 4 32 4 498 <0.50 474 Menorrhagia,
a-thalassemia

13 F 49 74 95 16 16 24 2.08 <0.50 36.0 Menorrhagia

14 F 37 65 82 1 6.3 9 2.69 <0.50 45.6 Menorrhagia

15 F 26 64 70 5 - - - <0.50 50.2 Menorrhagia,
Helicobacter pylori
infection

16 F 46 64 72 9 4.2 5 3.56 0.5 483 Menorrhagia, gastric
bypass

Group B: oral iron malabsorption (A iron <15 mmol/L) and hepcidin levels below the sex- and age-adjusted median

17 F 44 79 77 9 1.3 17 2.83 <0.50 5.6 Chronic Helicobacter
pylori gastritis, a-
thalassemia

18 F 61 741 80 6 5.1 6 424 <0.50 5.6 Exocrine pancreatic
insufficiency

19 M 83 69 82 16 7.2 1 2.16 <0.50 6.0 Exocrine pancreatic
insufficiency

20 F 44 58 68 3 3.0 3 8.17 <0.50 45 Helicobacter pylori
gastritis

21 F 47 57 65 3 38 5 6.92 <0.50 7.1 Definite diagnosis not
established

2 F 28 77 78 6 6.7 9 3.86 <0.50 10.8 Definite diagnosis not
established

23 F 45 58 - 4 39 4 5.98 <0.50 6.5 Autoimmune gastritis

24 F 25 74 82 4 11.8 12 6.31 <0.50 1.3 Menorrhagia

25 F 54 71 78 6 73 9 4.11 0.5 1.8 Exocrine pancreatic
insufficiency

26 M 74 84 96 18 16 25 2.07 0.8 55 Proton-pump inhibitors

27 F 76 75 81 15 924 14 238 0.9 5.7 Definite diagnosis not
established

28 F 54 72 81 20 103 - - 14 26 Definite diagnosis not
established
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Table 1 (continued)

Patient Sex Age Hemoglobin, MCV, Ferritin, lron, Tsat, Tf/log Hepcidin, A Iron, Diagnosis
mmol/L fL pg/L pmol/L % ferritin - nm umol/L
29 F 77 67 20 15 9.3 14 2.21 1.9 1.5 Definite diagnosis not
established
30 F 69 79 79 98 9.9 17 1.21 1.9 0.1 Autoimmune gastritis
31 M 69 7.1 - 30 924 18 1.59 1.42 1.6 Autoimmune atrophic
gastritis
32z M 55 9.1 920 31 14.0 25 1.48 3.5 9.3 Exocrine pancreatic
insufficiency
33 F 43 83 88 38 9.5 16 1.52 23 6.8 Definite diagnosis not
established
Group C: oral iron malabsorption (A iron <15 mmol/L) and hepcidin levels above the sex- and age-adjusted median
34 F 32 7.1 80 57 27 4 1.42 59 1.3 IRIDA
35 F 37 70 76 68 3.6 6 1.36 7.7 4.6 IRIDA
36 M 61 87 88 14 5.8 8 2.53 9.3 9.2 Small bowel tumor
37 F 31 63 64 47 2.5 4 1.55 94 0 IRIDA
38 F 29 65 76 29 3.8 6 1.78 133 12.2 IRIDA
39 F 38 78 77 260 36 7 0.87 13.6 9.5 IRIDA

F, female sex; M, male sex; Tsat, transferrin saturation; Tf/log ferritin, transferrin/log10 ferritin ratio; MCV, mean corpuscular
volume; GERD, gastroesophageal reflux disease; IRIDA, iron-refractory iron-deficiency anemia. Sex- and age-adjusted median
hepcidin levels: 3.6 nm and 4.5 nm for women and men, respectively [28]. A Iron is calculated as the difference between the iron
value at 120 min and 0 min after ingesting oral iron as part of an OIAT. Exocrine pancreatic insufficiency diagnosis was established
by increased fecal elastase excretion, computed tomography, and associated deficiencies in vitamins B12, K, or D. Autoimmune
diagnosis was established with serological testing and concurrent vitamin B12 deficiencies. Confirmed mutations in the TMPRSS6

gene established IRIDA diagnosis.

representing a select yet heterogeneous group. The study was
approved by the Institutional Review Board Leiden Den Haag Delft
(IRB No. N22.072) and has been performed in accordance with the
principles of the Declaration of Helsinki (2013).

Data Collection

Demographic, anthropometric, and clinical data (as depicted in
Table 1 and online suppl. Table S1; for all online suppl. material, see
https://doi.org/10.1159/000535275) were extracted retrospectively from
medical records. These data were documented at the time of referral to
the Department of Internal Medicine, i.e., 2002-2019. The following
biochemical measurements were collected: hemoglobin (Hb), hemat-
ocrit, mean corpuscular volume, white blood cell count, platelets,
C-reactive protein, erythrocyte sedimentation rate, albumin, estimated
glomerular filtration rate, serum iron, ferritin, transferrin, and trans-
ferrin saturation (Tsat). If these parameters were not measured on the
day of the OIAT, the biochemical measurements were extracted from a
date closest to the OIAT. In all but one case, the parameters were
available within 3 months from the OIAT. Hepcidin levels were also
extracted from the medical records that, in most cases, were measured
on the same day as the OIAT. In addition, the transferrin/log;, ferritin
ratio (Tf/log ferritin) was calculated [9]. Data regarding all performed
diagnostic tests during routine care and the final diagnosis were also
collected, as described in the following sections.

Study Definitions

Anemia was defined as Hb <7.5 mmol/L (<120.7 g/L) for fe-
males or <8.5 mmol/L (<137.0 g/L) for males, based on the Dutch
national reference values [29]. There is no widely used and
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standardized protocol for an OIAT [30, 31]. The data extracted for
this study were from an OIAT that was performed using 400 mg of
immediate-release ferrous fumarate — equivalent to 130 mg of
elemental iron - taken as a single dose on an empty stomach after
an overnight fast. Blood was drawn just before ingestion of iron
tables (i.e., at 0 min) and 30, 60, 90, and 120 min after ingesting
ferrous fumarate. Over the course of the OIAT, patients were not
allowed to consume food. The difference between serum iron value
(A iron) at 120 and 0 min was calculated; oral iron malabsorption
was defined as A iron <15 umol/L [26, 32].

In this study, hepcidin-driven iron malabsorption was con-
sidered in cases with hepcidin levels above the sex- and age-
adjusted median, which was established in the Dutch population:
3.6 nM and 4.5 nM for women and men, respectively [28]. Hepcidin
levels below the sex- and age-adjusted median were considered as
potentially inappropriate suppression in cases of oral iron mal-
absorption. A hepcidin level <0.5 nm was considered suppressed
and characteristic of classical IDA, since it is characterized by
hepcidin levels below the detection limit [11, 33, 34].

Diagnostic Process

All relevant information regarding the diagnostic process and
final clinical diagnoses after the OIAT and hepcidin measurement
were also extracted from medical records. The diagnostic workup
performed by a hematologist has been depicted in Figure 1. While
the diagnostic workup was not a part of an established study
protocol, it was, nonetheless, consistent. Patients with adequate
oral iron absorption, especially in association with suppressed
hepcidin levels, were diagnosed as having IDA. Patients with oral
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iron malabsorption and a hepcidin level below the sex- and age-
adjusted median were examined for H. pylori and autoimmune
gastritis, if these tests were not performed before. In patients
with additional deficiencies, celiac disease was excluded a
second time; exocrine pancreas function was evaluated by the
fecal elastase test with or without computer tomography. En-
doscopic examination, fecal calprotectin, and fecal examination
for helminth infections were performed on indication. Finally,
patients with oral iron malabsorption and a hepcidin level
above the sex- and age-adjusted median underwent analysis for
TMPRSS6 gene mutations, which could indicate iron-refractory
iron-deficiency anemia (IRIDA) since it is a likely diagnosis for
hepcidin-driven iron malabsorption in the absence of
inflammation [32].

Statistical Analysis

Descriptive data are reported as median with interquartile
ranges (IQR: Q1-Q3) for continuous variables. Categorical
variables are presented as proportions: absolute numbers of
available data (n) with corresponding percentages (%). Nor-
mality assessment was performed by visually examining normal
probability plots (Q-Q) and histograms. Mann-Whitney U and
x> tests were used as appropriate to compare independent
subgroups. Spearman’s rank correlation coefficients (p) were
used to determine correlations between variables. In addition,
receiver-operating characteristic (ROC) analysis with the area
under the curve (AUC) as an overall measure of fit was used to
evaluate the discriminative capacity of different biochemical
parameters to detect oral iron malabsorption and suppressed
hepcidin levels. Two-tailed p values <0.05 were considered
statistically significant; the Benjamini-Hochberg procedure was
used to adjust for multiple testing, considering significance under
a false discovery rate of 5%. Statistical analysis was performed
with the SPSS Statistics 25 software package (SPSS Inc., Chicago,
IL, USA). The proportion of available data is presented in online
supplementary Table S1.

Results

Study Population

Thirty-nine (39) adult patients were included in the
study, as shown in online supplementary Table S1. Patients
were primarily female (84.6%) and, on average, 46 years old.
The median Hb was 7.10 mmol/L (IQR: 6.40-7.70 mmol/
L), serum iron 6.15 pmol/L (IQR: 3.60-9.60 pmol/L), fer-
ritin 9.00 pg/L (IQR: 4.00-20.00 ug/L), and Tsat 8.00%
(IQR: 4.00-14.00%). Hepcidin was suppressed in 64.1% of
patients. Six patients (15.4%) had hepcidin levels above the
sex- and age-adjusted median (online suppl. Table S1).

Patient Characterization Based on OIAT and

Hepcidin Tests

Table 1 presents an overview of patients stratified by
oral iron absorption and hepcidin levels. Group A in-
cludes 16 patients with adequate iron absorption (A

Hepcidin and an Oral Iron Absorption Test

iron >15 umol/L) and suppressed hepcidin levels; only
1 patient in this group was male. The median Hb was
6.45 mmol/L (IQR: 6.13-7.38 mmol/L), serum iron
5.60 umol/L (IQR: 2.70-7.00 umol/L), ferritin 6.00 ug/L
(IQR: 3.25-10.50 pug/L), and Tsat 7.00% (IQR:
4.00-9.00%). All patients in Group A were diagnosed
with classical IDA; menorrhagia was the main cause in
50% of cases, especially after H. pylori eradication. De-
spite extensive diagnostic investigations, the cause for
IDA was not found in 6 patients.

More than half of the patients (n = 23) were con-
sidered to have oral iron malabsorption (A
iron <15 umol/L); 18 of these patients were female.
These patients were further stratified by hepcidin
levels into Group B and Group C. Group B includes
patients with hepcidin levels below the sex- and age-
adjusted median (#n = 17). In this group, iron defi-
ciency was associated with conditions affecting the
stomach, duodenum, or pancreas. In 6 patients, the
IDA was attributed to autoimmune gastritis, H. pylori
infection, or proton-pump inhibitor use. In 4 patients,
exocrine pancreas insufficiency was considered the
cause of iron deficiency and other accompanying
nutritional deficiencies, i.e., vitamin B12, K, and/or
D. Only 1 patient within Group B had anemia at-
tributed to menorrhagia. A definite cause for abnor-
mal iron status could not be identified in 6 patients, as
shown in Table 1.

Patients with oral iron malabsorption and hepcidin
levels above the sex- and age-adjusted median were al-
located to Group C (Table 1). In contrast to Group B, iron
malabsorption in Group C was considered to be driven by
hepcidin. All but 1 patient within this group had one or
more mutations in the TMPRSS6 gene encoding ma-
triptase protein, leading to an inappropriate increase in
hepcidin levels, a condition known as IRIDA.

Comparing patients in Group A and Group B revealed
no significant differences after correction for multiple
testing, as shown in Table 2. In short, classical iron indices
alone are unlikely to accurately differentiate between
patients with adequate and inadequate iron absorption.

Differences between Patients with Oral Iron

Malabsorption, Stratified by Hepcidin Levels

Table 3 presents differences between patients in
Group B and Group C. Patients with oral iron mal-
absorption attributed to conditions affecting the
stomach, duodenum, or pancreas (Group B) had sig-
nificantly higher serum iron than patients with
hepcidin-driven malabsorption (Group C): median
9.40 umol/L (IQR: 5.90-10.80 pmol/L) versus
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Anemia and abnormal iron status
without an established cause

¥

Referral to a hematologist

)

Evaluation: medical history, physical examination,
serological testing for celiac disease, testing for occult
fecal blood loss, Helicobacter Pylori infection, and
inflammatory bowel disease

!

Evaluation did not yield an explanation for the
underlying cause of anemia and abnormal iron status

¥

Oral iron absorption test

215 mmol/L) and suppressed
hepcidin levels (0.5 nM)

Adequate oral iron absorption (A Iron
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Oral iron malabsorption
(A Iron £15 mmol/L)

|
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absolute iron deficiency

'
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and age-adjusted median)
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Suggestive of underlying
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Specific testing to identify
the underlying cause

Low hepcidin (\, the sex-
and age-adjusted median)

Suggestive of hepcidin-
driven iron malabsorption

Specific testing to identify
the underlying cause

Fig. 1. Overview of the diagnostic process performed by the physicians during routine care and the data extracted
for the retrospective study. Median sex- and age-adjusted hepcidin level in the Dutch population 3.6 nM for
women and 4.5 nM for men. A Iron is calculated as the difference between the serum iron value at 120 min and
0 min after ingesting oral iron as part of an OIAT.

3.60 pmol/L (IQR: 2.65-4.30 pmol/L) in Group B and
Group C, respectively; p < 0.01. Other iron parameters,
such as Tf/log ferritin ratio, were also higher in Group
B, but these differences were not significant after
correction for multiple testing.

Classical Iron Parameters as Potential Biomarkers

for Abnormalities in Hepcidin and OIAT

Strong associations between hepcidin and iron indices
have been observed: p = 0.767 (p < 0.001) and p = —0.768
(p < 0.001) for ferritin and Tf/log ferritin, respectively. All

6 Acta Haematol
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correlations between hepcidin, iron absorption, and other
parameters are depicted in online supplementary Table S2.
ROC analysis with corresponding AUC for suppressed
hepcidin levels was performed using iron indices strongly
associated with hepcidin. Both ferritin and Tf/log ferritin
accurately identified suppressed hepcidin levels; however,
Tf/log ferritin was superior to ferritin alone: AUC 0.98 (95%
CI: 0.956-1.02), p < 0.001 (Table 4). For Tf/log ferritin, a
cutoff point of 2.11 had a 96% sensitivity and a 77%
specificity, where patients with values higher than the cutoff
point were likely to have suppressed hepcidin levels.
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Table 2. Differences between patients with hepcidin levels below the age- and sex-adjusted median,
stratified by oral iron absorption

Variables OIAT =15 (n = 16) OIAT <15 (n = 17) p value?
Age at referral 45.00 (37.50-51.25) 54.00 (44.00-71.50) <0.05
Hemoglobin, mmol/L 6.45 (6.13-7.38) 7.20 (6.80-7.90) NS
Hematocrit, % 0.34 (0.32-0.38) 0.38 (0.33-0.41) NS
Mcv, fL 74.00 (70.50-82.00) 81.00 (78.00-88.00) NS
WBC, x10° 5.55 (4.75-6.38) 7.30 (5.80-8.70) <0.05
Platelets, x10° 218.00 (177.25-245.00) 269.00 (187.25-283.50) NS
ESR, mm/h 17.00 (8.50-23.50) 11.50 (6.50-16.75) NS
Ferritin, pg/L 6.00 (3.25-10.50) 15.00 (5.00-25.00) NS
Iron, pmol/L 5.60 (2.70-7.00) 9.40 (5.90-10.80) <0.05
Tsat, % 7.00 (4.00-9.00) 13.00 (6.75-17.00) <0.05
Transferrin/log ferritin 3.86 (3.06-5.24) 2.61 (1.66-5.54) NS

Data are presented as means + standard deviation (SD), median [IQR], or proportions of available data
(n) with corresponding percentages (%). Age- and sex-adjusted median hepcidin levels: 3.6 nm and 4.5 nm
for women and men, respectively [28]. OIAT, oral iron absorption test (A iron is calculated as the difference
between the iron value at 120 min and 0 min after ingesting oral iron as part of an OIAT). MCV, mean
corpuscular volume; WBC, white blood cell count; ESR, erythrocyte sedimentation rate; Tsat, transferrin
saturation. NS, statistically nonsignificant. Two-tailed p values <0.05 were considered statistically sig-
nificant; the Benjamini-Hochberg procedure was used to adjust for multiple testing, adopting a 5% false
discovery rate (FDR). 2None of the p values were statistically significant after adjustment for multiple
testing.

Table 3. Differences between patients with iron malabsorption, stratified by hepcidin levels below or above
the age- and sex-adjusted median

Variables Hepcidin < median (n = 17) Hepcidin > median (n = 6) p value
Age at referral 54.00 (44.00-71.50) 34.50 (30.50-43.75) <0.05
Hemoglobin, mmol/L 7.20 (6.80-7.90) 7.05 (6.45-8.03) NS
Hematocrit, % 0.38 (0.33-0.41) 0.36 (0.33-0.41) NS
MCV, fL 81.00 (78.00-88.00) 76.50 (73.00-82.00) NS
WBC, x10° 7.30 (5.80-8.70) 7.95 (4.08-9.83) NS
Platelets, x10° 269.00 (187.25-283.50) 369.50 (280.00-473.00) <0.05
ESR, mm/h 11.50 (6.50-16.75) 12.00 (9.50-23.00) NS
Ferritin, pg/L 15.00 (5.00-25.00) 52.00 (25.25-116.00) <0.05
Iron, pmol/L 9.40 (5.90-10.80) 3.60 (2.65-4.30) <0.012
Tsat, % 13.00 (6.75-17.00) 6.00 (4.00-7.25) <0.05
Transferrin/log ferritin 2.61 (1.66-5.54) 1.49 (1.24-1.97) <0.05
A lron, umol/L 5.60 (2.20-6.95) 6.90 (0.95-10.18) NS

Data are presented as means + standard deviation (SD), median [IQR], or proportions of available
data (n) with corresponding percentages (%). Age- and sex-adjusted median hepcidin levels: 3.6 nm
and 4.5 nm for women and men, respectively [28]. MCV, mean corpuscular volume; WBC, white blood
cell count; ESR, erythrocyte sedimentation rate; Tsat, transferrin saturation. A Iron is calculated as
the difference between the iron value at 120 min and 0 min after ingesting oral iron as part of an
OIAT. NS, statistically nonsignificant. Two-tailed p values <0.05 were considered statistically sig-
nificant; the Benjamini-Hochberg procedure was used to adjust for multiple testing, adopting a 5%
false discovery rate (FDR). ?p value represents statistical significance after adjustment for multiple
testing.
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Table 4. Biomarker discriminative capacity for suppressed
hepcidin levels and oral iron malabsorption

Suppressed hepcidin

AUC 95% Cl p value
Ferritin, pg/L 0.96 (0.92-1.01) <0.001
Transferrin/log ferritin 0.98 (0.95-1.02) <0.001

Iron malabsorption

AUC 95% Cl p value
Ferritin, pg/L 0.76 (0.61-0.91) <0.001
Hepcidin, nm 0.81 (0.68-0.95) <0.001
Transferrin/log ferritin 0.76 (0.60-0.91) <0.01

AUC, area under the curve; 95% Cl, 95% confidence interval.

In addition, ROC analysis with corresponding AUC
for oral iron malabsorption was performed. All analyzed
variables - ferritin, hepcidin, and Tf/log ferritin — showed
a better discriminative capacity for iron malabsorption
than random chance; however, hepcidin was the most
accurate (AUC: 0.81, 95% CI: 0.68-0.95, p < 0.001), as
depicted in Table 4.

Discussion

In this retrospective study, we assessed the diag-
nostic utility of an OIAT and hepcidin in a select
group of patients with anemia and abnormal iron
status without overt signs indicative of an underlying
disorder. We found that 41% of patients had adequate
oral iron absorption accompanied by suppressed
hepcidin levels, which was compatible with classical
IDA. All other patients had oral iron malabsorption,
indicating its prominent role in the development of
iron deficiency. Most patients with oral iron malab-
sorption and hepcidin levels below the sex- and age-
adjusted median had anemia caused by conditions
affecting the stomach, duodenum, or pancreas. In
contrast, 5 of the 6 (83.3%) of patients with oral iron
malabsorption and hepcidin levels above the age- and
sex-adjusted median had IRIDA. In short, hepcidin
could be a useful diagnostic test in patients with ab-
normal OIAT to determine whether anemia is
hepcidin-driven or likely related to abnormalities in
the stomach, duodenum, or pancreas. Last but not
least, we found that in environments with fewer re-
sources, Tf/log ferritin higher than 2.11 could be used
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to identify patients with suppressed hepcidin. In
conclusion, primarily OIAT rather than hepcidin
levels could aid physicians in discerning classical IDA
from other types of anemia in patients without overt
signs of bleeding or inflammation.

Patients with adequate OIAT were most likely to
have IDA, as classical IDA is caused by decreased
systemic iron availability rather than abnormalities in
iron metabolism. In line with previous studies, all
patients with adequate OIAT had suppressed hepcidin
levels, representing a physiological response to restore
serum iron by increasing intestinal iron absorption
[33, 34]. Therefore, patients in these cases can be
treated with oral iron therapy due to amplified in-
testinal iron absorption. In contrast to patients with
adequate OIAT, patients with oral iron malabsorption
had either suppressed, detectable, or even elevated
levels of hepcidin. In short, we found that primarily
OIAT rather than hepcidin or classical iron indices
alone can discern classical IDA from other types of
anemia in patients without overt bleeding or
inflammation.

Hepcidin levels can guide further diagnostic processes
in patients with established oral iron malabsorption.
Five out of 6 patients with hepcidin levels above the sex-
and age-adjusted median and oral iron malabsorption
had IRIDA, a genetic disorder resulting from mutations
in the TMPRSS6 gene, which leads to uncontrolled
hepcidin expression that drives oral iron malabsorption
[32]. In cases of hepcidin-driven malabsorption, oral
iron therapy is unlikely to be effective and these patients
should be treated with intravenous iron; some patients
might need repeated infusions. Conversely, in patients
with oral iron malabsorption and hepcidin levels below
the sex- and age-adjusted, anemia was caused by a
decrease in systemic iron availability either due to in-
flammation, such as H. pylori infection, or abnormalities
in iron uptake resulting from higher local pH that
impairs the dissociation of iron from its carrier and the
uptake into enterocytes, as is the case in atrophic gas-
tritis or proton-pump inhibitor use [35]. In these cases,
abnormalities in hepcidin are not the driving cause but
rather a consequence of anemia; therefore, it is unlikely
that only iron replacement will adequately manage
anemia in these patients. The primary therapeutic goal
should be to address the underlying cause of
malabsorption - such as inflammation - before pre-
scribing iron therapy. To summarize, patients with
abnormal OIAT and elevated hepcidin are likely to
suffer from IRIDA, whereas patients with abnormal
OIAT and lower hepcidin levels are likely to have
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conditions affecting the stomach, duodenum, or
pancreas.

Moreover, we observed an unexpected relationship
between exocrine pancreatic insufficiency and iron
status. Four out of 17 patients with oral iron malab-
sorption had anemia associated with exocrine pan-
creatic insufficiency and concurrent nutritional defi-
ciencies in vitamin B12, D, and/or K. There is a lack of
literature regarding this association; most available
studies were performed before the 1990s and showed
iron overload in cases of pancreatic disease, but the
results were inconsistent, given that a high dose of
pancreatic enzymes facilitated iron uptake [36, 37].
Sabor et al. [38] hypothesized that iron deficiency
might be related to premucosal or mucosal pathology in
cases of exocrine pancreatic insufficiency. Inadequate
food digestion and the uptake of fat-soluble vitamins
(e.g., vitamin D) can play a crucial role in modulating
hepcidin levels and the proliferation of erythroid
progenitor cells, which might explain why patients with
exocrine pancreatic insufficiency often suffer from
anemia and iron deficiency [39-41]. In addition,
membrane proteins - hephaestin and divalent metal
transporter 1 — involved in oral iron absorption and
systemic availability have also been found in pancreatic
cells, suggesting that the pancreas might play a sig-
nificant role in iron metabolism [42, 43]. We postulate
that oral iron malabsorption in cases of exocrine
pancreatic insufficiency could be related to a decrease
in pancreatic enzymes that might impair iron uptake at
the luminal side of enterocytes. However, the rela-
tionship between iron absorption and pancreatic
function necessitates further investigation.

Lastly, OIAT is a simple test that could be done in
most settings with access to oral iron and venipuncture
for serum iron measurements. If necessary, OIAT
could be simplified to venipuncture just before and
120 min after ingestion of oral iron. While we observed
good discriminative capacity of hepcidin, ferritin, and
Tf/log ferritin to identify oral iron malabsorption, we
do not suggest using these parameters instead of an
OIAT, given that oral iron malabsorption might not be
accurately identified in patients with low hepcidin
levels. In contrast to an OIAT, hepcidin measurement
might not be available in environments with fewer
resources. In these cases, Tf/log ferritin could be used
instead since it was strongly negatively associated with
hepcidin and showed an excellent discriminative ca-
pacity to indicate patients with suppressed hepcidin
levels. However, prospective studies with larger sample
sizes and a more generalizable study population are

Hepcidin and an Oral Iron Absorption Test

necessary to validate our findings and to establish a
validated cutoff point for Tf/log ferritin or even
ferritin.

This study is the first to evaluate the diagnostic
utility of OIAT and hepcidin for discerning classical
IDA from other underlying pathologies in patients
without overt signs of bleeding or inflammation.
However, this exploratory retrospective study has
several limitations. The main limitation is that the
decision to perform an OIAT, measure hepcidin, and
the type of subsequent diagnostic workup was made by
treating physicians based on clinical grounds, which
might have caused potential selection bias. In addition,
the diagnostic workup performed by the physicians was
not standardized and there was a lack of essential data,
such as dietary habits or a validated questionnaire
regarding menstrual blood loss. Therefore, this select
group is largely overrepresented by young females and
the results might not apply to patients with chronic
inflammatory conditions. This study has also been
limited by a lack of clearly defined iron restriction,
absolute iron deficiency, as well as the absence of blood
loss and inflammation, given that they were established
primarily based on clinical evaluation. Finally, a larger
sample size would have allowed us to establish more
reliable subgroup analyses.

Despite the limitations, this study shows that pri-
marily an OIAT rather than hepcidin could aid physi-
cians in differentiating classical IDA from other types of
anemia caused by abnormalities in enteral iron ab-
sorption or systemic iron availability. In patients with
anemia and abnormal iron status without an apparent
cause, an OIAT in combination with hepcidin or Tf/log
ferritin may be helpful diagnostic tools to identify the
underlying cause of anemia, tailor further diagnostic
workup, and establish appropriate therapy. Neverthe-
less, prospective studies are necessary to validate this
diagnostic approach and to establish hepcidin and Tf/log
ferritin cutoff points regarding oral iron malabsorption.
Finally, the relationship between pancreatic function,
hepcidin, and oral iron malabsorption needs to be ex-
plored further.
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