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Clinical Immunoassay for Human Hepcidin
Predicts Iron Deficiency in First-Time Blood
Donors
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Background: Serum markers currently used as indicators of iron status have clinical limitations. Hepcidin, a key
regulator of iron homeostasis, is reduced in iron deficiency (ID) and increased in iron overload. We describe the
first CLIA-validated immunoassay with excellent accuracy and precision to quantify human serum hepcidin. Its di-
agnostic utility for detecting ID in first-time blood donors was demonstrated.

Methods: A monoclonal competitive ELISA (C-ELISA) was developed for the quantitation of human hepcidin and
validated according to CLIA guidelines. Sera from nonanemic first-time blood donors (n=292) were analyzed for
hepcidin, ferritin, transferrin, and serum iron. Logistic regression served to determine the utility of hepcidin as a
predictor of ID.

Results: The C-ELISA was specific for human hepcidin and had a low limit of quantitation (4.0 ng/mL). The hepci-
din concentration measured with the monoclonal C-ELISA was strongly correlated with a previously established,
extensively tested polyclonal C-ELISA (Blood 2008;112:4292-7) (r=0.95, P < 0.001). The area under the receiver op-
erating characteristic curve for hepcidin as a predictor of ID, defined by 3 ferritin concentration thresholds, was
>0.9. For predicting ID defined by ferritin <15 ng/mL, hepcidin <10 ng/mL yielded sensitivity of 93.1% and specific-
ity of 85.5%, whereas the same hepcidin cutoff for ferritin <30 ng/mL yielded sensitivity of 67.6% and specificity of
91.7%.

Conclusion: The clinical measurement of serum hepcidin concentrations was shown to be a potentially useful
tool for diagnosing ID.

INTRODUCTION global prevalence of anemia in both low-income
and developed countries (2). Identifying patients

Iron is essential for heme and hemoglobin syn- with iron-restricted erythropoiesis before they
thesis, and restriction of iron delivery to erythro- progress to ID anemia (IDA) is a challenge for clini-
cyte precursors can limit erythropoiesis (7). Iron cians, especially when patients have comorbidities
deficiency (ID) is a major contributor to the high that give rise to anemia of chronic disease (ACD).
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Clinical Immunoassay for Human Hepcidin

Iron deficiency anemia is a chronic issue faced by populations around the world. Premenopausal women

are at particular risk of iron deficiency with a higher prevalence of anemia compared to the general popu-

lation. Hepcidin, the master regulator of iron homeostasis, has emerged as a reliable biomarker for iron

availability and utilization. A clinically relevant blood test for hepcidin could aid clinicians in ruling out iron

deficiency as a cause for patient anemia. We present a CLIA approved assay for hepcidin and demonstrate

its utility to identify non-anemic, iron deficient first-time blood donors.

Measurements of serum or plasma concentra-
tions of hepcidin, the systemic iron regulatory hor-
mone, can distinguish IDA from ACD in patients
with mixed status in cases of tumor-related ane-
mia (3), rheumatoid arthritis (4), inflammatory
bowel disease (5), and critical illness (6) and in
populations of African children (7).

Hepcidin-25 has been shown to be the principal
regulator of systemic iron homeostasis (8). Hepcidin
binds to the sole iron exporter ferroportin, causing
its occlusion, internalization, and eventual degrada-
tion (9). This effectively shuts down the flow of iron
into plasma from duodenal enterocytes that absorb
dietary iron, macrophages that recycle senescent
erythrocyte iron, and hepatocytes that store iron.
Hepcidin is upregulated by iron loading (70) and in-
flammation (77) and downregulated by anemia and
hypoxia (12). Measurement of serum hepcidin may
allow the assessment of iron requirements and
prove a valuable indicator of physiologic ID. The ad-
dition of hepcidin to the repertoire of iron indexes
could aid clinicians in the initial exclusion of ID as
the root cause of patient anemia or detection of ID
progression before anemia develops.

We describe the Intrinsic Hepcidin IDx™ Test,
validated using CLIA guidelines as a laboratory-de-
veloped test. This assay was tested in a first-time
blood donor population.
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METHODS AND MATERIALS

Production of Antihepcidin Monoclonal
Antibody

Monoclonal antibody was produced against a
synthetic linear peptide containing 9 amino acids
from the N-terminus of human hepcidin-25.
Female BALB-C mice (8-10weeks old) were immu-
nized, and an IgG-secreting hybridoma was se-
lected. Antibody was produced with a hollow-fiber
bioreactor (Spectrum Laboratories) and purified
via affinity chromatography (HiTrap Protein G) and
buffer exchange (HiPrep 26/10; GE Healthcare).
Aliquots were stored at —20 °C.

Competitive ELISA

ELISA plates (96-well) were coated with 100 pL
of antibody, blocked, dried, and stored in foil
pouches at 4°C. The competitive ELISA (C-ELISA)
was generally performed as described previously
(13). Synthetic human hepcidin-25 and a patented
biotin-labeled hepcidin-25 peptide competed for
antibody binding sites. The C-ELISA was run on a
Biomek FX Laboratory Automation Workstation
(Beckman Coulter) using a 96-well head equipped
with a selective tip loader and a Cytomat 2C15
temperature-controlled  microplate  incubator
(Heraeus/Kendro  Laboratory  Products). A
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duplicate 8-point standard curve (0-400ng/mL)
was prepared in Tris-buffered saline containing
biotinylated hepcidin-25 competitor peptide.
Samples and controls diluted 1:5 in the biotiny-
lated competitor peptide were added to their re-
spective wells. Absorbance (450 nm) was recorded
with a microplate reader (Molecular Devices DTX
880). All data were analyzed using a 4-parameter
logistic regression software program (GraphPad
Prism), and the hepcidin-25 concentration was
calculated (ng/mL).

Validation of C-ELISA

Method validation consisted of characterization
of synthetic hepcidin-25, including its bioactivity,
assessments of monoclonal antibody selectivity,
assay accuracy, intra- and interassay precision,
sensitivity and analytical measurement range
(AMR), interference by serum components, spike
recovery, dilutional linearity, analyte stability,
and determination of reference ranges. The
reference test was performed as described previ-
ously (73). The validation experiments were
performed according to the procedures devel-
oped by Intrinsic LifeSciences following CLIA
guidelines (74).

Samples

Sera from first-time blood donors (self-identi-
fied with no history of previous donations) were
obtained from the San Diego Blood Bank between
June 2014 and December 2014 under institutional
review board approval. All donors were pre-
screened for health status via questionnaire.
Female and male donor inclusion criteria were as
follows: at least 15 years of age (with parental con-
sent), minimum weight of 114 pounds, good gen-
eral health with no cold or flu-like symptoms, and
a fingerstick hemoglobin result of at least 12.0g/
dL (HemoCue Hemoglobin system). A total of 292
serum samples were collected (149 female, 143
male) balanced across 4 general ethnic groups:
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black, Asian/Pacific Islander, white, and Hispanic/
Latino.

Healthy iron status was defined by transferrin
saturation (TSAT) between 15% and 45% and ferri-
tin according to the age- and sex-specific brackets
designated by ARUP Laboratories (Supplemental
Table 1). Donors with missing data points were ex-
cluded from iron status classification.

Laboratory Measurements

Serum ferritin was measured with an Advia
Centaur XP immunoassay system (Siemens),
whereas serum iron, C-reactive protein, and trans-
ferrin were measured using a Cobas Integra 400
Plus clinical analyzer (Roche Diagnostics). TSAT
was calculated as follows: TSAT % = (iron [ug/dL] /
transferrin [mg/dL]) x 0.8 x 100.

Statistical Analysis

Given an estimated 18% prevalence of ID in the
general nonanemic population, a minimum sam-
ple size of 280 would enable a sensitivity and spe-
cificity calculation of no less than 85% with a 95%
Cl of £10% and =5%, respectively.

ROC curves were calculated for hepcidin con-
centration as a test of ID compared with a surro-
gate gold standard: serum ferritin <30, 20, or
15ng/mL (75). The sensitivity and specificity of
hepcidin as an indicator of ID was determined for
each possible hepcidin cutoff, and the area under
the curve (AUC) for ROC curves (AUCR9%) was gen-
erated. The curves were investigated to identify
the hepcidin cutoffs that achieved the maximum
percentage of correctly classified donors.
Statistical significance was defined as P values
<0.05.

Statistical analysis was performed using IMP12
(or greater) Pro software (SAS Institute). Log10 val-
ues for skewed measures, such as hepcidin, were
used for statistical procedures with normality
assumptions.
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Fig. 1. Development and characterization of hepcidin C-ELISA. (A) Dose response curve starting at
400 ng/mL with serial dilutions. Structurally similar peptides were compared to assess selectivity.
Hepcidin-10 to -25 is an N-terminally truncated hepcidin peptide. (B) Comparison of monoclonal hepci-
din C-ELISA (n = 292) with a previously described polyclonal C-ELISA (7).

RESULTS

Assay Characteristics

Complete assay performance characteristics are
shown in Supplemental Table 2. The selectivity of
our N-terminally directed monoclonal antibody to
hepcidin-25 was assessed by performing dose re-
sponse curves with structurally similar peptides
(Fig. 1A). The removal of the N-terminus (1-9aa)
from human hepcidin-25 (hepcidin-10 to -25) pre-
vented the ability of the antibody to bind the anti-
gen, demonstrating the requirement of the
N-terminus for epitope recognition. We also tested
dog, mouse, and rat hepcidin peptides, each with
varying sequence similarity to the N-terminus of
human hepcidin-25. We demonstrated 12%, 27%,
and 0% reduction in overall signal, respectively, at
the highest peptide concentration tested, despite
the fact that rat hepcidin shares 80% identity with
the N-terminus of human hepcidin-25.

We also tested the selectivity of the C-ELISA to
distinguish N-terminally truncated isoforms, rep-
resenting <23% of the hepcidin species in
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circulation (76), from the full length hepcidin-25.
The half maximal effective concentration of dose
response curves generated from hepcidin-20 and
hepcidin-22 was 55% and 59% of that for full
length hepcidin-25, respectively (data not shown).

The AMR was defined as the lowest or highest
measured value that achieves interassay precision
(CV) and accuracy (relative error) within 25% and a
total error <40%. Over 3 independent experi-
ments, the AMR was found to be 4.0 to 200.0 ng/
mL (1.4-71.6 pmol/L; lower AMR: CV = 10%, rela-
tive error = 12%, total error = 22%; upper AMR:
CV = 11%, relative error = —8%, total error =
19%). The lower limit is consistent with the theo-
retical lower limit of quantitation, 5 SD from the
zero calibrator, at 3.7ng/mL (1.3pmol/L). The
lower limit of detection, 2 SD from the zero
calibrator, was determined to be 1.5ng/mL
(0.5 pmol/L) (Supplemental Table 2).

Spike recovery was assessed using sera from 3
individual donors with low endogenous hepcidin
(below the lower limit of detection). Each matrix
spiked at concentrations of 200, 100, 50, 25,
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and 10ng/mL yielded average percentage recov-
eries of 101%, 102%, 104%, 101%, and 97%, re-
spectively. Spiking these low endogenous
hepcidin samples above the AMR allowed the eval-
uation of dilutional linearity. Sera spiked at 1000,
500, and 250ng/mL diluted 1:2, 1:4, and 18
yielded average percentage recoveries of 98%,
93%, and 90%, respectively.

We also examined the analytic interference
from blood collection tube components by testing
matching samples from 5 individual donors col-
lected in serum separator tubes and Li-heparin.
The average relative error of the serum separator
tubes and Li-heparin samples compared with se-
rum was 0% and —8%, respectively. All individual
results for these matrices were within 15% of the
serum values.

The intra- and interassay precision was evalu-
ated by testing 3 serum samples representing
high, medium, and low hepcidin concentrations.
The average intra-assay CV (n=5) over 3 indepen-
dent experiments was 4% (98.6 ng/mL; 35.3 pmol/
L), 5% (51.1 ng/mL; 18.3 pmol/L), or 7% (11.8 ng/
mL; 4.2 pmol/L), respectively. The interassay preci-
sion studies were conducted with 28 measure-
ments over 16 independent experiments and
yielded CVs of 7% (100.0 ng/mL; 35.8 pmol/L), 8%
(51.3ng/mL; 184pmol/L), or 9% (11.9ng/mL;
4.3 pmol/L), respectively.

Hepcidin stability at room temperature for
4hours or at 4°C for 6days was within 10% of
those stored at —80°C. Extending the room tem-
perature stability to 24 hours leads to a further
decline in measured hepcidin but still within 15%.
Serum hepcidin was shown to be stable for up to
4 freeze-thaw cycles, with a consistent 88% to
106% recovery.

Although many assays and methods have been
developed to measure serum hepcidin, the abso-
lute measured value can vary significantly (77). The
accuracy of our monoclonal C-ELISA was com-
pared with a previously described polyclonal C-
ELISA (713). The index test showed a high degree of
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accuracy (slope, 0.97; 95% Cl, 0.94-1.01) and a
strong correlation (R = 0.95) with the reference as-
say (Fig. 1B).

Blood Donor Evaluation

A reference population (n=292) was obtained
from first-time blood donors in good general
health and screened for anemia (hemoglobin
>12.0g/dL). The median age for female and male
donors was 29 years (interquartile range, 23-36)
and 30 years (interquartile range, 25-39), respec-
tively. Donors were equally distributed across gen-
der and ethnicity. Donor hepcidin concentrations
below the lower limit of quantitation (n=4) could
not be numerically reported so for the purpose of
the reference range those values were set to the
lower limit of quantitation (4.0 ng/mL). Hepcidin
ranged from 4.0 to 167.2 ng/mL (1.4-59.9 pmol/L)
with a median of 13.1ng/mL (4.7 pmol/L) and
28.5ng/mL (10.2pmol/l) in female and male
donors, respectively (Table 1). To assess the iron
status of these individuals, additional iron markers
were measured (Supplemental Tables 3 and 4).
Only ferritin showed a strong correlation with hep-
cidin (Fig. 2A) (R=0.75).

Based on normal ferritin concentration ranges
for sex and age (Supplemental Table 1) and nor-
mal TSAT from 15% to 45%, we observed that 22%
(33/149) of female donors and 8% (12/143) of
male donors were iron deficient. In addition, 6%
(9/149) of female donors and 9% (13/143) of male
donors had evidence of iron overload. Excluding
donors with ID and iron overload and those with
incomplete iron parameters, we defined a healthy,
normal iron status reference range (n=217) for
hepcidin from 4.0 to 129.9ng/mL (1.4-46.5 pmol/
L) with a median of 15.9ng/mL (5.7 pmol/L) and
26.2ng/mL (94 pmol/L) in female and male
donors, respectively (Table 1). Serum hepcidin in
healthy female donors (n=104) was significantly
lower (p=0.0002 by a median test) than in
healthy male donors (n=113) (Fig. 2B). Taken
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Table 1. Hepcidin concentration in all blood donors and a subset with healthy iron status.?

Quantile (ng/mL)

Type Sex n Mean 0% 5% 25% Median 75% 95% 100%
Female 149 196 40 44 76 13.1 262 541 1299
Male 143 354 40 61 1741 285 484 912 1672
Female 104 21.4 40 62 104 159 279 515 1299

Male 113 33.7 40 86 170 26.2 486 826 1110

All Donors Mixed Iron Status

Healthy Donors Normal Iron Status

#Normal iron status was defined by age- and sex-specific ferritin cutoffs and TSAT 15%-45%. SI conversion: 1 ng/mL = 0.358 pmol/L.
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Fig. 2. Evaluation of first-time blood donors. (A) Donor comparison of matched serum hepcidin and fer-
ritin concentrations (n =292) (Demming regression). (B) Hepcidin by sex in donors with normal iron
status (female, n = 104; male, n = 113; P<0.0002). (C) Hepcidin in donors with low, normal, or high iron

status classified using serum ferritin and TSAT (P<0.0001, Steel-Dwass method).

collectively, the median hepcidin for the groups
with low, normal, and high iron status were 6.7 ng/
mL (24 pmol/L, n=45), 21.4ng/mL (7.7 pmol/L,
n=217), and 44.9ng/mL (16.1 pmol/L, n=22), re-
spectively (P < 0.0001, Steel-Dwass nonparametric
multiple comparison test) (Fig. 2Q).

Based on the age distribution of our healthy
donors, we grouped subjects into 4 age groups:
15-25, 26-35, 36-55, and >55years. These defini-
tions gave relatively equal distribution of subjects,
with the exception of the oldest group, in which
there were fewer subjects. For male donors, hep-
cidin (Fig. 3A) and ferritin (Fig. 3B) were consistent
across all age groups, whereas for female donors,
only the youngest and oldest age groups differed
significantly (P < 0.04). Sex comparisons indicated
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that median hepcidin (Fig. 3A) and ferritin (Fig. 3B)
levels were significantly different in the 2 youngest
age groups (P<0.016). No difference in hepcidin
was observed for the 36- to 55-year age group;
however, there was a significant difference
(P<0.0007) in the ferritin. Both hepcidin and ferri-
tin were similar between female and male donors
in the >55-year age group.

We then examined the utility of hepcidin as a di-
agnostic test for ID defined by a single ferritin cut-
off. The appropriate ferritin cutoff to define ID is
debated, but it is generally accepted to be
<30ng/mL (18-20). However, lower and more ap-
propriate cutoffs have been tailored to specific
study populations, as in premenopausal women
(ferritin - <15ng/mL) (21) or children (ferritin
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Fig. 3. Age- and sex-dependent variation of hepcidin. Healthy donors were distributed into 4 bracketed
age groups. Serum hepcidin (A) and ferritin (B) concentrations demonstrate similar distributions

<12ng/mL) (7, 22). Using a range of common defi-
nitions of ID, ferritin <15, <20, or <30 ng/mL, the
prevalence of ID in our study population was
10.2%, 16.5%, or 23.9%, respectively. These defini-
tions were then used to evaluate the diagnostic
potential of hepcidin for the detection of ID. In
ROC curve analysis, the AUC for the defined
ferritin cutoffs was 0.94 (95% Cl, 0.89-0.97), 0.93
(95% Cl, 0.88-0.95), and 0.91 (95% Cl, 0.86-0.94),
respectively (Fig. 4). When the potentially con-
founding effect of inflammation was removed by
excluding donors with C-reactive protein >5.0 mg/
L, the AUCs were essentially unchanged (n=255;
0.94 (95% Cl, 0.88-0.97), 0.93 (95% Cl, 0.87-0.96),
and 0.90 (95% Cl, 0.85-0.94), respectively).

The diagnostic characteristics and their respec-
tive 95% Cls for representative hepcidin cutoffs to
identify ID are depicted in Table 2. When hepcidin
was <10ng/mL (3.6 pmol/L), the maximum per-
centage correctly classified was achieved for all
ferritin cutoffs of ID (ferritin <15ng/mL, 86.3%;
<20ng/mL, 87.0%; < 30 ng/mL, 85.9%). The sensi-
tivity and specificity of ferritin <15, 20, or 30 ng/
mL were 93.1% and 85.5%, 78.7% and 88.6%, or
67.6% and 91.7%, respectively. Increasing the hep-
cidin cutoff to <15ng/mL (5.4pmol/L), the
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Fig. 4. ROC curve for hepcidin as a predictor of
ID. The AUCR€ for hepcidin compared with fer-
ritin cutoffs of <15, <20, or <30 ng/mL was 0.94,
0.93, and 0.90, respectively.

sensitivity and specificity for ferritin <15, 20, or
30ng/mL were 96.6% and 69.8%, 91.5% and
73.8%, or 85.3% and 78.2%, respectively.

DISCUSSION

We have developed a CLIA-validated laboratory-
developed test for the quantitative measurement
of human hepcidin. This competitive ELISA, the
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Table 2. Properties of 2 hepcidin cutoffs as a diagnostic test of iron deficiency.

ID ferritin Hepcidin Sensitivity, Specificity, Positive Negative Correctly
cutoff, ng/mL  cutoff, ng/mL % (95% CI) % (95% CI) LR (95% CI) LR (95% ClI) classified,® %
<15 <10 93.1(78.0-98.1) 85.5(80.6-89.3) 6.4(4.0-9.2) 0.08 (0.02-0.27) 86.3

<15 96.6 (82.8-99.4) 69.8(63.9-75.1) 3.2(2.3-4.0) 0.05(0.01-0.27) 72.5
<20 <10 78.7(65.1-88.0) 88.6(83.9-92.1) 6.9(4.0-11.1) 0.24(0.13-0.42) 87.0
<15 91.5(80.1-96.6) 73.8(67.9-79.0) 3.5(2.5-4.6) 0.12 (0.04-0.29) 76.7
<30 <10 67.6 (55.8-77.6) 91.7(87.2-94.7) 8.1 (44-146) 0.35(0.24-0.51) 85.9
<15 853(75.0-91.8) 78.2(723-83.2) 39(2.7-55) 0.19(0.10-0.35) 79.9

“Specific to studied population.

Intrinsic Hepcidin IDx test, shows a high degree of
correlation with a reference polyclonal assay with
documented technical (73), physiologic (23), and
diagnostic (27) validity but is based on a monoclo-
nal antibody, a reagent that can be better chemi-
cally defined and standardized. The new assay has
a wide AMR with a high degree of precision and
spike recovery. The Intrinsic Hepcidin IDx test
identified higher serum hepcidin in men com-
pared with women and lower hepcidin associated
with ID and demonstrated a direct positive corre-
lation with serum ferritin. Our study of first-time
blood donors demonstrated that hepcidin
increases with age in women but remains rela-
tively stable in men, a trend consistent with previ-
ously reported studies (718, 19).

Through an as yet unclear mechanism, loss of
amino-terminal residues yields 2 smaller hepcidin
isoforms: hepcidin-20 and -22 (24). Our assay
detects all 3 isoforms; however, compared with
hepcidin-25, hepcidin-20 and -22 had cross-reac-
tivity of 55% and 59%, respectively. The truncated
isoforms, which represent the minority of the
hepcidin peptide in circulation, do not induce
hypoferremia (25), whereas hepcidin-25 is the pre-
dominant and bioactive isoform. Whether the pro-
portions of the 3 isoforms change depending on
the underlying cause of ID remains to be deter-
mined. Likewise, the clinical relevance of
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distinguishing the various isoforms remains to be
demonstrated.

Compared with first-time blood donors, those
with 1 to 4 donations in the preceding 2 years had
a 14-fold increase in the risk of ID (26). Our study
demonstrated that in nonanemic first-time blood
donors, hepcidin is an excellent diagnostic marker
of ID. Compared with various ferritin definitions of
ID, hepcidin had an AUC®°“ >0.9. Nevertheless, in
the absence of point-of-care testing at blood
center collection sites, additional measurement of
hepcidin in the blood donor population would not
be practical at this stage. However, our results
indicated that prescreening of premenopausal
women may be useful in preventing IDA in
this population with high prevalence of ID.
Furthermore, measurement of hepcidin may have
broader diagnostic or prognostic utility in other
physiologic or pathologic conditions associated
with anemia.

Sensitivity and specificity are critical considera-
tions when selecting a hepcidin cutoff for a partic-
ular population of clinical interest. Likelihood
ratios (LRs), calculated from sensitivity and
specificity, can be used to estimate and express
diagnostic accuracy in clinical settings. LRs be-
tween 0 and 1 decrease the posttest probability
of disease, and LRs >1 increase that probability,
and these changes can be easily quantified (27).
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Our findings show that a hepcidin cutoff of
<10ng/mL increases the positive LR to >6.4 and
correctly classifies >85% of subjects regardless of
which ferritin level is used to define ID. With high
sensitivity and low negative LRs, the Intrinsic
Hepcidin IDx test could function as an effective
way to initially rule out ID. However, this remains
to be evaluated in appropriate clinical settings,
and ongoing studies will be required to define the
optimal cutoffs for different patient populations.

Variable time of blood sampling was a limitation
of our study. Hepcidin can exhibit a diurnal circa-
dian rhythm (28), but it appears to have no statisti-
cal effect on AUCROC for diagnosis of ID (27). When
comparing sexes, our study showed a 2.75 times
higher prevalence of ID in women than in men
(22% vs 8%). This inclusion of female donors may
overestimate the AUCROC for the clinical evaluation
of male patients. However, a study of premeno-
pausal women with the same 22% prevalence of ID
generated a hepcidin AUCR® of 0.87 (27), whereas
our study with the same ferritin cutoff, combining
women and men, had an AUCR®C of 0.94. This indi-
cates the utility of hepcidin as a general diagnostic
tool to detect ID in a diverse population.

Apart from diagnosing ID in general popula-
tions, hepcidin has been postulated to have clini-
cal utility to predict nonresponders to oral iron in
IDA (29) and responsiveness to intravenous iron in
chemotherapy-related anemia (30). The Intrinsic
Hepcidin IDx test was used recently to develop an
index, serum iron/log,o(hepcidin), to screen
patients with chronic ID for iron-refractory ID
anemia cause by TMPRSS6 mutations (37). This
approach may simplify diagnosis of patients with
ID iron-refractory ID anemia using a simple
immunoassay without the cost of more expensive
gene sequencing.

|dentifying patients with iron-restricted erythro-
poiesis before it progresses to IDA is a challenge
for clinicians when considering comorbidities that
can give rise to ACD. Several diagnostic strategies
have been proposed to distinguish IDA from ACD,
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but to date they seem to be of limited utility (32).
The iron storage protein ferritin can be an indica-
tor of iron stores but becomes upregulated under
conditions of inflammation, causing iron seques-
tration and eventual hypoferremia (33). Soluble
transferrin receptor has been reported to be a
sensitive indicator of ID because it is released by
erythropoietic precursors in proportion to their
expanding population and is not influenced by in-
flammation. However, it is not specific for ID in all
cases because it is increased in conditions that
have increased red cell production, such as hemo-
lytic anemias (34). The ferritin index combines
these markers into a single formula, soluble trans-
ferrin receptor/log;o(ferritin), and has been incor-
porated into a diagnostic plot in combination with
reticulocyte hemoglobin (35). However, hepcidin
has been proposed as a replacement for the ferri-
tin index in part because of the very rapid hepci-
din response within hours of hematologic
changes, whereas the ferritin index takes several
days to reflect those same changes (36). In addi-
tion, in patients with IDA, nonresponsiveness to
oral iron can be predicted from patients’ baseline
hepcidin levels, which have better positive predic-
tive value than TSAT or ferritin concentrations (29).

Critical illness is another area of medicine that
may benefit from routine hepcidin testing. ID de-
fined by hepcidin <20 or <10 ng/mL was an inde-
pendent predictor of mortality or poor quality of
life, respectively, in intensive care unit patients at 1
year after discharge, and the odds ratios were su-
perior to ID defined by ferritin <100 ng/mL (37).
Both ferritin and hepcidin are upregulated during
inflammation, but in critical illness, ID is often
missed by ferritin alone, whereas hepcidin, sup-
pressed by functional ID, can capture more of
those false-negative patients. In the intensive care
unit study, 6% of discharged patients were consid-
ered ID by ferritin <100ng/mL, whereas 37%
were considered ID by hepcidin <20ng/mL, a re-
sult more in accordance with expectations, given
the prevalence of ID in the general population and
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the high prevalence of bleeding complications and
iatrogenic blood loss in the intensive care unit
population (37).

As evidence accumulates of the opposing
signals that concurrently regulate hepcidin, the
diagnostic potential of hepcidin in various
iron-related disorders becomes more apparent
(38). Further clinical trials utilizing this CLIA-
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validated hepcidin assay will be essential for
implementing improved diagnostic protocols
for detecting ID.

SUPPLEMENTAL MATERIAL

Supplemental material is available at The journal
of Applied Laboratory Medicine online.
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