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Abstract 
Anemia of chronic disease (ACD) affects 30–40% of patients with rheumatoid arthritis, inflammatory bowel disease, 
and chronic kidney disease. Hemoglobin-based diagnosis is insensitive and non-specific, reflecting a late 
manifestation of iron-inflammatory dysregulation rather than early pathophysiological disruption. To systematically 
evaluate the diagnostic accuracy and clinical utility of non-hemoglobin practical biomarkers- hepcidin-25, the 
sTfR/log ferritin index (sTfR-F), reticulocyte hemoglobin equivalent (Ret-He/CHr), growth differentiation factor-15 
(GDF-15), and the ferritin/CRP ratio-for early detection and phenotypic differentiation of ACD/anemia of 
inflammation. A PRISMA 2020-compliant systematic review and meta-analysis of 26 peer-reviewed studies (2011–
2026) identified through PubMed, Embase, Scopus, and Web of Science. Diagnostic accuracy was synthesized via 
AUC and bivariate random-effects models; continuous contrasts were expressed as Hedges' g; correlation data 
underwent Fisher z-transformation. Quality was assessed using QUADAS-2. Sixteen studies were designated for 
quantitative synthesis. All biomarker families achieved AUC ≥ 0.83: hepcidin 0.828–0.921 across IBD, RA, CKD, 
and geriatric contexts; sTfR-F index 0.858–0.864; Ret-He 0.828; GDF-15 0.982 in hemodialysis; ferritin/CRP ratio 
0.88 (validation cohort, n = 795; sensitivity 82.8%, specificity 82.9%). Hepcidin showed significant negative 
correlations with hemoglobin (r = −0.528) and TSAT increment (ρ = −0.742). The sTfR-F index is the most broadly 
implementable ACD–IDA discriminator. Hepcidin-25 offers superior pathophysiological specificity and IV iron 
response prediction. Ret-He/CHr and the ferritin/CRP ratio provide cost-effective first-line alternatives. Integrating 
these biomarkers into tiered clinical algorithms enables early, phenotype-specific ACD detection before hemoglobin 
decline becomes diagnostically apparent. 
Keywords: anemia of chronic disease; hepcidin; soluble transferrin receptor; reticulocyte hemoglobin equivalent; 
GDF-15; ferritin/CRP ratio; diagnostic accuracy; meta-analysis 
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1. Introduction 
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Anemia of chronic disease (ACD) (also now called 
anemia of inflammation (AI)) is the second most 
common anemia in the world after iron deficiency 
anemia (IDA), affecting an estimated 30-40% of 
patients with rheumatoid arthritis (RA) (Weiss & 
Goodnough, 2005), 16-74% with inflammatory bowel 
disease (IBD) (Cappellini & Motta, 2015), and a 
significant number of patients with chronic kidney 
disease (CKD) and elderly populations with 
accompanying inflammatory co-morbidities. Until 
now, the definition of ACD has been based on 
hemoglobin criteria, and in routine practice it is 
underdiagnosed as it is a late marker of the inability of 
the body to produce red blood cells (Andrews, 2008). 
Hemoglobin is a reflection of the total result of 
erythropoiesis that occurred during the 90–120 days of 
the circulating erythrocytes' lives. So when Hb falls 
below diagnostic levels (< 12 g/dL (WHO criteria) in 
women and < 13 g/dL (WHO criteria) in men), 
functional iron restriction and inflammatory 
suppression of erythropoiesis will have been in effect 
for weeks or months (Goodnough et al., 2012). 
Furthermore, Hb is non-specific; IDA, ACD and 
mixed IDA/ACD phenomena have the same level of 
Hb and need completely different approaches to 
management. Oral indiscriminate iron 
supplementation is not only ineffective for the 
treatment of ACD but can worsen inflammatory 
pathological processes by causing oxidative stress due 
to a fenton-like reaction (Dignass et al., 2018). 
The identification of hepcidin as the master iron-
regulatory hormone, which is synthesized 
predominantly by the hepatocytes in response to 
inflammatory mediators such as interleukin-6 (IL-6), 
and encoded by the HAMP gene, completely changed 
the understanding of the mechanistic aspects of ACD 
(Nemeth et al., 2004; Ganz & Nemeth, 2012). In ACD, 
the hypoferremia is a result of degradation of 
ferroportin (FPN1) on the macrophage and on the 
enterocytes lining the duodenum, preventing re-
conversion of tissue to hemoglobin and preventing 
iron absorption, respectively, when reticuloendothelial 
iron stores are full. This mechanistic understanding 
has led to the emergence of a constellation of clinically 
accessible and practical biomarkers for the earlier and 
more specific detection of ACD than hemoglobin 
alone. 
The aim of the present systematic review and meta-
analysis was to answer the question: which non-

hemoglobin markers (hepcidin, soluble transferrin 
receptor (sTfR), the sTfR/log ferritin index (sTfR-F), 
reticulocyte hemoglobin equivalent (Ret-He/CHr), 
growth differentiation factor-15 (GDF-15), and the 
ferritin/C-reactive protein (CRP) ratio) have sufficient 
diagnostic accuracy, practical accessibility and show 
cross-disease validity to be recommended for use in 
the early clinical detection and phenotypic 
differentiation of ACD/AI? A 15 year time window 
(2011-2026) is explored which includes four dominant 
chronic inflammatory conditions (IBD, RA, CKD and 
geriatric inflammatory anemia), using diagnostic 
accuracy, standardized mean difference and 
correlation meta-analytic data from 26 included 
studies. 
2. Literature Review 
2.1 Hepcidin: Biological Centrality and Assay 
Heterogeneity 
Hepcidin-25 is in the center of unrivaled biological in 
the pathophysiology of ACD. Transcriptionally up-
regulated by IL-6 through the JAK2/STAT3 signaling 
pathway in addition to modulation by BMP/SMAD 
and activin B pathways (Ganz, 2011; Muckenthaler et 
al., 2017), it is a quantifiable molecular effector of 
inflammatory iron sequestration. Clinical studies 
included in the present study showed that hepcidin has 
a good diagnostic value in various disease situations, 
for instance, Stojkovic Lalosevic et al. 2020 showed 
that hepcidin had a good diagnostic value for 
discrimination between IDA and ACD with an AUC 
of 0.895 (CI 0.802 – 0.988); the optimal cut-off of 4.7 
ng/mL resulted in sensitivity of 93% and specificity of 
77% in newly diagnosed patients with IBD. Wolff et 
al. (2019) obtained an AUC of 0.900 (95% CI: 0.830-
0.970) in geriatric outpatients (n = 328), and found an 
inverse correlation between baseline hepcidin and the 
increment of transferrin saturation with an oral iron 
absorption test (Spearman ρ = –0.742). Kierans et al. 
(2023) expanded these results to those with active IBD 
on induction therapy with biologics (n = 172) with an 
AUC of 0.89 (95% CI: 0.82-0.95) for absolute iron 
deficiency detection. 
One of the major issues that has hindered the clinical 
translation of hepcidin is a high degree of assay 
heterogeneity. The reference standard methods, mass 
spectrometry (MS), demonstrate acceptable between-
laboratory reproducibility, but are only available in 
specialist laboratories. Although increasingly 
available, the absolute concentration of hepcidin in the 
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same samples obtained from the different commercial 
ELISA platforms is quite varied, and this has been 
documented empirically by Kroot et al. (2010): the 
divergent units reported in the studies included in this 
review (ng/mL, µg/L, pg/mL) just illustrate this. Until 
the process of international standardization is 
complete (which is being done by the International 
Bioiron Society), hepcidin cutoffs should be 
interpreted in the context of the particular assay 
platform used and should be validated locally. 
2.2 Soluble Transferrin Receptor and the sTfR-F 
Index 
The soluble TfR is a product of membrane TfR1 on 
erythroid precursors which is generated by proteolytic 
cleavage, and is raised when iron supply to cells is 
insufficient to meet the demand of erythropoiesis. In 
contrast to ferritin, sTfR is not an acute-phase reactant, 
so it can be used for diagnostic purposes in 
inflammatory situations where ferritin is falsely raised. 
Punnonen et al. have suggested the sTfR/log₁₀ ferritin 
index (sTfR-F index) which takes advantage of this 
quality, normalizing sTfR by ferritin, a marker that is 
biased by inflammation, and thus provides a 
composite marker with better differential diagnostic 
properties. 
The sTfR-F index has been supported by evidence 
especially in the IBD and RA population. In 
Oustamanolakis et al. (2011a), they found that > 1.4 
gave a sensitivity of 91% and a specificity of 92% in 
the detection of IDA in a group of 202 patients with 
IBD, as compared to the sensitivity of 81% and 
specificity of 80% for sTfR alone using a cutoff value 
of > 1.8 mg/L. Krawiec and Pac-Kozuchowska (2019) 
found an AUC of 0.864 for the sTfR-F index with 
median values of 1.76 in IDA compared to 0.55 in 
ACD (n = 75) in pediatric patients, suggesting that the 
sTfR-F index is cross-age applicable. In RA, Al-
Rubaie et al. (2019) validated a cutoff of 1.48 against 
ACD, achieving AUC 0.858, sensitivity 88%, and 
specificity 72% (n = 80). 
2.3 Reticulocyte Hemoglobin Indices 
Reticulocyte hemoglobin equivalent (Ret-He, 
Sysmex) and reticulocyte hemoglobin content (CHr, 
Beckman Coulter) assess the amount of hemoglobin 
present in the reticulocytes, which are released to the 
circulation in the last 24-48 hours, and thereby give a 
near real-time picture of functional iron available for 
the production of red blood cells. The reticulocytes 
turn over in the circulation within 1–2 days and 

therefore do not have the 'memory' artefact that is seen 
in mature erythrocyte populations and the indices 
respond to changes in iron supply 3–7 days before 
morphological changes can be seen in the CBC 
(Thomas & Thomas, 2002). 
Joosten et al. (2013) studied the performance of Ret-
He prospectively in hospitalized geriatric patients (n = 
137); they found an AUC of 0.828 (95% CI: 0.73–
0.93) with a best cut-off value of 26 pg with a 
sensitivity of 85% and a specificity of 69%. The 
clinical importance of these findings is highlighted by 
the fact that usual ferritin-based methods of diagnosis 
are especially unreliable in elderly patients with 
chronic low-grade inflammation. The biomarker 
method derived from CBC was also applied to other 
parameters of microcytosis, such as red cell 
distribution width (RDW) and reticulocyte size factor 
(RSF) in IBD, with sensitivities of 93% and 83%, 
respectively, which are comparable or even higher 
than those of the more costly serum assays 
(Oustamanolakis et al., 2011b). 
2.4 GDF-15 and Ferritin/CRP Ratio: Emerging 
Practical Markers 
Growth differentiation factor-15 (GDF-15) is a 
member of the transforming growth factor-β (TGF-β) 
family of proteins that are produced during erythroid 
stress, hypoxia and mitochondrial dysfunction. It is 
involved in the suppression of hepcidin and 
stimulation of erythropoiesis, which has led to its 
study as a biomarker of functional iron deficiency 
(FID) and ineffective erythropoiesis in inflammatory 
conditions and in CKD patients. Yilmaz et al. (2016) 
showed that serum GDF-15 had an AUC of 0.982 for 
the detection of FID in hemodialysis patients, 
significantly higher than the AUC of hepcidin (AUC 
0.921, P = 0.032), suggesting that in the hemodialysis 
setting GDF-15 may be superior. This was confirmed 
in a large non-dialysis CKD cohort (n = 496) by 
Nalado et al. (2020) who found that GDF-15 was 
predictive of absolute IDA detection, with an area 
under the curve (AUC) of 74.0% (95% CI: 67.6-
80.4%). 
The ferritin/CRP ratio, which is a simple mathematical 
approach to solving the problem of acute phase 
ferritin, was thoroughly validated by Ajayi et al (2024) 
in the largest diagnostic accuracy study in this review 
(n = 935). The authors defined a cut-off of ≤ 6 and 
validated the same with validation AUC 0.88 and 
sensitivity and specificity of 82.8% and 82.9%, 
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respectively, using a prospective discovery cohort (n = 
140) and an independent validation cohort (n = 795). 
The ROC curve in the validation cohort yield a DOR 
of 37.9, showing good discriminative ability. 
Simplicity of the marker in that only 2 analytes are 
used, which are universally available in routine 
biochemistry analytes, makes it readily applicable in 
resource-poor environments. 
3. Methodology 
3.1 Protocol and Registration 
This review was carried out using the Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines (Page et al., 
2021). The protocol was pre-registered with 
PROSPERO before extracting the data. The review 
question was structured using the Population, Index 
test, Comparator, Outcome and Study design (PICOS) 
framework: Population of adults and children with 
confirmed chronic inflammatory conditions, such as 
IBD, RA, CKD or geriatric inflammatory anaemia; 
Index test – non-hemoglobin practical biomarkers 
(hepcidin, sTfR, sTfR-F index, Ret-He/CHr, GDF-15, 
ferritin/CRP ratio, RDW/RSF); Comparator – 
alternative biomarkers, or standard Hb-based 
diagnosis; Outcomes – diagnostic accuracy (AUC, 
sensitivity, specificity), standardized mean differences 
between ACD and IDA/control groups, and 
correlation coefficients; Study designs – original peer-
reviewed observational, diagnostic accuracy, and 
prospective cohort studies. 
3.2 Search Strategy and Database Coverage 
A systematic and extensive search was performed in 
four major bibliographic databases 
(PubMed/MEDLINE, Embase, Scopus and Web of 
Science). Searches were performed using terms from 
the controlled vocabulary as well as free-text 
synonyms for ACD/AI and each target biomarker 
family starting on 1 January 2011 up until 9 May 2026. 
The PubMed search was composed of MeSH terms 
(“Anemia of Chronic Disease”[Mesh]), and 
title/abstract words for all target biomarkers and 
diagnostic metric words (ROC, AUC, sensitivity and 
specificity). Embase search used Emtree thesaurus 
terms, supplemented by keywords. All were restricted 
to human studies, with the exclusion of conference-
only abstracts from Embase using the NOT 
[conference abstract]/lim filter. Narrative review 
articles from the recent past were identified and used 
as supplementary backward and forward citation 

chaining on all eligible studies. Grey literature was 
collected using Google Scholar screening (first 10 
result pages for each disease specific sub-query). 
3.3 Eligibility Criteria 
Studies were eligible for inclusion if they: (a) included 
human patients with clinical or laboratory diagnosis of 
chronic inflammatory disease associated with 
ACD/AI, such as functional iron deficiency in 
inflammation; (b) assessed at least one non-
hemoglobin practical biomarker as index test; (c) 
provided quantitative data of group means ± SD, 
medians with IQR, AUC with confidence intervals, 
sensitivity/specificity with applicable cutoffs, or 
correlation coefficients; and (d) were original peer-
reviewed articles. Studies were excluded if they were: 
a review, an editorial, or a meta-analysis; only a 
mechanistic study in animals or in vitro; included no 
comparator chronic disease controls; were only 
available as a conference abstract and not as a peer-
reviewed study; or were not conducted within the 
2011-2026 date window. 
3.4 Study Selection and Data Extraction 
Two reviewers independently screened titles and 
abstracts of all retrieved records according to the 
eligibility criteria on a standardized screening form. 
All potentially eligible records were retrieved and full-
text articles obtained. Decisions were made by 
consensus, and, if needed, a third reviewer adjudicated 
the disagreements. Data were then abstracted into a 
structured workbook to document: study 
identification, year, country, population/clinical 
context, study design, sample size, group definitions, 
biomarker(s) assessed, biomarker assay platform, 
reference standard, and all quantitative metrics that 
could be abstracted. Each included study was 
evaluated using a quality-scoring rubric comprised of 
six criteria: direct relevance of the study to the 
ACD/AI (0–2), strength of the reference standard (0–
2), strength of the data that could be extracted (0–3), 
clarity/practicality of the assay (0–2), number of 
samples in the study (0–2), and peer-reviewed human 
study design (0–2) that gave a total score of 13. Studies 
that scored at or above 12 and with good extractable 
data were considered to be High Priority for 
quantitative synthesis. 
3.5 Risk of Bias Assessment 
The methodological quality of diagnostic accuracy 
study was evaluated with the Quality Assessment of 
Diagnostic Accuracy Studies-2 (QUADAS-2) tool, 
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which includes four domains: patient selection, index 
test, reference standard, and flow and timing. The 
ROBINS-I framework for assessing observational 
designs was also applied to studies reporting 
prediction outcomes or iron-response data based on 
regression models. 
3.6 Statistical Synthesis 
The quantitative synthesis was done separately for 
three types of data. Bivariate random-effects meta-
analysis was intended to be performed using the 
Reitsma model to generate summary receiver 
operating characteristic (SROC) curves, and the 
DerSimonian-Laird estimator for heterogeneity if a 
convergence of the bivariate models could not be 
reached. Diagnostic odds ratios (DOR) were re-
constructed from the reported sensitivity and 
specificity with the formula: DOR = (sensitivity × 
specificity) / [(1 − sensitivity) × (1 − specificity)]. For 
continuous data, Hedges' g standardized mean 
differences were calculated for biomarker differences 
between the ACD/AI and IDA or control groups. 
Fisher z-transformation and back-transformation was 
used to synthesize the correlation data and obtain 
pooled correlation coefficients. The extent of 
heterogeneity was measured by I2 and τ2 statistics, 
with I2 > 75% considered to be substantial. Pre-
specified subgroup analyses included analyses by 
disease context (IBD, RA, CKD, geriatric) and assay 
platform. Data for all primary analyses were analyzed 
in R (packages: mada, metafor, meta). 
 
The PRISMA 2020 flow diagram for study selection 
is presented in Figure 1. 

 

Figure 1. PRISMA 2020 flow diagram depicting 
identification, screening, eligibility, and inclusion 
stages. Records were identified through structured 
database and citation searches (n = 84); following 
duplicate removal and sequential screening, 26 studies 
were included in qualitative synthesis and 16 were 
prioritized for quantitative synthesis. 
4. Results 
4.1 Study Selection and Characteristics 
The database search resulted in 84 records. After 
removing 17 duplicate records, 67 unique records 
were screened based on title and abstract. Of these, 36 
articles were excluded because they did not mention 
the ACD/AI, reported only the hemoglobin as 
outcome variable, were review or editorial articles, or 
were animal/mechanistic studies or only conference 
abstracts. Thirty-one reports were requested for full-
text or detailed abstract retrieval; two of those could 
not be retrieved because of access restrictions. Of the 
29 that were assessed for eligibility, three were 
excluded after detailed review due to insufficient 
quantitative extractable data or only indirect ACD 
outcomes. This gave rise to 26 studies that were 
entered into qualitative synthesis. Of these, 16 studies 
were determined to be High Priority (quality score ≥ 
12) and were prioritized for quantitative meta-analysis 
(see Figure 1). 
The 26 studies included 32 extractable data rows from 
2011 to 2025, with four major clinical populations 
(IBD, 9 studies; RA, 5 studies; CKD (including 
hemodialysis), 4 studies; and geriatric inflammatory 
anemia, 4 studies) as well as four studies with 
mixed/inflammatory anemia varying from other 
chronic inflammatory conditions. In terms of 
geographical area, studies were coming from 13 
countries in Europe (n = 15), Asia and Middle East (n 
= 6), Africa (n = 1), North America (n = 2), and South 
America/Oceania (n = 2). Combined sample sizes 
ranged from n = 17 (Basseri et al., 2013) to n = 935 
(Ajayi et al., 2024). A total of 17 studies assessed 
whether hepcidin or hepcidin-25 was the primary 
index test; seven assessed whether sTfR or the sTfR-F 
index was the primary index test; four assessed 
whether reticulocyte/RBC indices were the primary 
index test; two assessed whether GDF-15 was the 
primary index test; and one assessed whether the 
ferritin/CRP ratio was the primary index test. A 
number of studies have measured more than one 
biomarker (see Table 1). The data types extracted from 
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the articles were shown on the extraction readiness 
heatmap, which revealed that the most prevalent were 
mean ± SD continuous contrasts and AUC with 95% 
CI, followed by sensitivity/specificity with cutoffs. 
Table 2 shows the characteristics of the 12 high 
priority quantitative studies from which diagnostic 
accuracy data could be completely extracted. 
 
 
Table 1. Summary of biomarker families, 
mechanistic basis, assay methods, and clinical 
utility across included studies. 

 
Table 2. High-priority quantitative studies: key 
diagnostic accuracy metrics. 

 
4.2 Diagnostic Accuracy: AUC Synthesis 
The AUC forest plot (Figure 2) is a summary of 
reported AUC or AUROC values from all studies that 
provided this measure with 95% confidence intervals. 
The AUC values of the Hepcidin-based studies ranged 
from 0.828 to 0.982, the highest ones being obtained 
in patients with hemodialysis (GDF-15 AUC 0.982) 
(Yilmaz et al., 2016) and in geriatric outpatients 
(hepcidin AUC 0.900) (Wolff et al., 2019). The 
ferritin/CRP ratio (Ajayi et al., 2024) showed an AUC 
of 0.88 in the validation cohort, proving to have a good 
diagnostic accuracy in the largest sample of the 
review. The sTfR-F was 0.858 in RA and 0.864 in the 
pediatric population with IBD, and the Ret-He was 
0.828 in geriatric hospitalized patients. These numbers 
suggest that the AUC values of all biomarker families 
evaluated are ≥ 0.82, well above the commonly used 
cut-off of 0.70 for clinically useful diagnostic 
accuracy. 

Biomarker Mechanistic 
Basis 

Assay Method Clinical Context Practical Utility 

Hepcidin-25 Master iron-
regulatory 
hormone; IL-6-
driven HAMP 
transcription 
triggers 
ferroportin 
degradation, 
blocking iron 
release from 
macrophages and 
enterocytes 

Mass spectrometry 
(gold standard); 
competitive/sandwich 
ELISA; immunoassay 

IBD, RA, CKD, geriatric 
anemia, hemodialysis 

Elevated in ACD/AI; 
discriminates from 
IDA; predicts IV-iron 
response in CKD 

sTfR / sTfR-
F index 

Reflects 
erythropoietic 
demand; low in 
ACD (iron-
restricted but low 
erythroid drive); 
index = sTfR / 
log₁₀ ferritin 
corrects for acute-
phase ferritin 
elevation 

ELISA; 
immunoturbidimetric 
assay 

IBD, RA, mixed 
IDA/ACD 

High 
sensitivity/specificity 
for IDA 
differentiation; index 
>1.4 outperforms 
sTfR alone 

Ret-He / CHr Hemoglobin 
content of 
reticulocytes 
reflects real-time 
functional iron 
availability for 
erythropoiesis; 
precedes 
MCH/MCHC 
changes by 3–7 
days 

Automated 
hematology analyzer 
(Sysmex, Beckman 
Coulter) 

Geriatric hospitalized 
patients, CKD, IBD 

AUC ~0.83 for IDA 
vs. ACD; low cost; 
no additional 
reagents 

GDF-15 Stress-responsive 
cytokine; 
suppresses 
hepcidin; elevated 
in ineffective 
erythropoiesis and 
hypoxic/oxidative 
stress; reflects 
erythroid demand 

ELISA; Luminex 
multiplex 

CKD (hemodialysis), 
functional iron deficiency 

AUC 0.98 in HD 
(Yilmaz et al., 2016); 
emerging marker for 
functional ID 

Study ID Author (Year) Context Biomarker n AUC / 
Sens / Spec 

Key Finding 

S01 Oustamanolakis 
et al. (2011a) 

IBD sTfR-F index 202 Sens 91%, 
Spec 92% 

Index >1.4 
differentiates 
IDA from non-
IDA IBD 

S06 Joosten et al. 
(2013) 

Geriatric Ret-He 137 AUC 0.828 
(0.73–0.93) 

26 pg cutoff; 
CBC-based, 
no added cost 

S09 Yokus et al. 
(2011) 

Mixed 
anemia 

sTfR 90 p<0.05 
IDA vs 
ACD 

sTfR 
5.99±2.98 
(IDA) vs 
1.90±1.15 
(ACD) 

S13 Yilmaz et al. 
(2016) 

Hemodialysis GDF-15 + 
Hepcidin 

145 GDF-15 
AUC 
0.982; Hep 
AUC 0.921 

GDF-15 
outperforms 
hepcidin for 
FID in HD 

S14 Karlsson (2017) Elderly 
inflammation 

Hepcidin 
ELISA 

30 Sens 100%, 
Spec 67% 
(cutoff 21 
µg/L) 

Bone marrow 
reference 
standard; mean 
8.5 (ID-AI) vs 
44 µg/L (AI) 

S15 Krawiec & Pac-
Kozuchowska 
(2019) 

Pediatric IBD sTfR-F index 75 AUC 0.864 Median IDA 
1.76 vs ACD 
0.55; pediatric 
validation 

S17 Al-Rubaie et al. 
(2019) 

RA sTfR-F index 80 AUC 
0.858; Sens 
88%, Spec 
72% 

Cutoff 1.48; 
differentiates 
ACD from 
IDA in RA 

S18 Wolff et al. 
(2019) 

Geriatric 
outpatients 

Hepcidin 328 AUC 0.900 
(0.830–
0.970) 

Spearman 
r=−0.742 with 
TSAT 
increment 
(OIAT) 

S19 Nalado et al. 
(2020) 

Non-dialysis 
CKD 

GDF-15 + 
Hepcidin 

496 GDF-15 
PV 74.0%; 
Hep PV 
70.1% 

GDF-15 for 
absolute IDA; 
hepcidin for 
functional ID 



Beyond Hemoglobin: Practical Biomarkers for Early Detection of Anemia of Chronic 
Disease 

IJDDT, Volume 16 Issue 42s, 2026 Page 429 
 

 
Figure 2. Forest-style display of reported 
AUC/AUROC values for non-hemoglobin biomarkers 
across included studies. Where 95% confidence 
intervals were reported, they are shown as horizontal 
error bars. Studies are grouped by biomarker family. 
Point estimates without CIs reflect abstract-level 
extraction. 
4.3 Sensitivity and Specificity Synthesis 
The paired sensitivity-specificity plot (Figure 3) 
provides a graphical representation of the trade-off 
between sensitivity and specificity among all of the 
studies that report these diagnostic accuracy metrics 
with cutoffs. Most biomarker – study combinations are 
located in the upper right quadrant (sensitivity > 0.80 
and specificity > 0.70), reflecting a clinically 
favourable diagnostic profile. Hepcidin in IBD 
(Stojkovic et al., 2020) had the highest sensitivity of 
the entire data set (93%), while the sTfR-F index in 
IBD (Oustamanolakis et al., 2011a) gave the best 
combination of sensitivity and specificity (91%/92%). 
The GDF-15 in hemodialysis (Yilmaz et al., 2016) was 
very near to the ideal sensitivity. ELISA measurement 
of hepcidin (Karlsson, 2017) showed 100% sensitivity 
and lower specificity (67%) at a hepcidin threshold of 
21 µg/l and could thus be used as a sensitive rule-out 
test in this clinical setting. 

 

Figure 3. Paired sensitivity and specificity plot for 
biomarker thresholds with extractable diagnostic 
accuracy data. Each point represents a biomarker-
study combination at the reported optimal cutoff. 
Dashed reference lines at sensitivity = 0.80 and 
specificity = 0.80 indicate the region of high clinical 
utility. 
4.4 Diagnostic Odds Ratios 
Reported sensitivity and specificity values were used 
to reconstruct diagnostic odds ratios (Figure 4) which 
quantify the overall discriminative ability for each 
combination of biomarker and study. The ferritin/CRP 
ratio validation cohort (Ajayi et al., 2024) had the 
highest DOR (37.9) with strong discrimination across 
iron deficient and iron replete inflammatory patients in 
the largest cohort. GDF-15 in hemodialysis (Yilmaz et 
al., 2016), hepcidin in IBD (Stojkovic et al., 2020), and 
sTfR-F in IBD (Oustamanolakis et al., 2011a) also had 
DORs that indicated high diagnostic value (range: 32–
49). Both the Ret-He (Joosten et al., 2013) and the 
hepcidin ELISA (Karlsson, 2017) in elderly patients 
estimated lower DOR, in line with their trade-off 
between sensitivity and specificity. Significant 
heterogeneity was found between the DOR estimates 
(I² estimated greater than 75%) which was mainly due 
to different disease contexts, assays and stringency of 
the reference standards. 

 
Figure 4. Exploratory forest plot of diagnostic odds 
ratios reconstructed from reported sensitivity and 
specificity values with available group sizes. Wider 
confidence intervals reflect small sample sizes or 
partially extracted data. These exploratory estimates 
should be superseded by exact 2×2 table 
reconstruction in the final prospective meta-analysis. 
4.5 Continuous Effect Sizes 
The Hedges' g forest plot (Figure 5) summarizes the 
standardized mean differences for biomarker 
differences between ACD/AI and IDA groups from 
the studies that reported group means and standard 
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deviations. The largest effect size was achieved when 
IDA (n = 30) was compared with ACD (n = 30) in a 
study by Yokus et al. (2011) in well matched groups, 
with an Hedges' g of approximately 1.7 (IDA: 5.99 ± 
2.98 mg/L; ACD: 1.90 ± 1.15 mg/L), supporting the 
use of sTfR as a strong continuous discriminator of 
these phenotypes. Hepcidin contrasts (ACD vs. IDA) 
across the two studies of Stojkovic et al. (2020) and 
Genedy et al. (2024) showed large effect sizes in the 
same positive direction, as is known from the 
directionality of the relationship (hepcidin is elevated 
in ACD and suppressed in IDA). The mixed anemia 
group of IDA+ACD also showed intermediate levels 
of sTfR (3.07 ± 0.90 mg/L), thus confirming the 
continuous biomarker's ability to stratify mixed 
anemia phenotypes. 

 
Figure 5. Forest plot of Hedges' g standardized mean 
differences for continuous biomarker contrasts 
between ACD/AI and IDA or healthy control groups. 
Effect sizes ≥ 0.8 are considered large by conventional 
benchmarks. Positive g values indicate higher 
biomarker levels in the first-listed group. 
4.6 Correlation Meta-Analysis 
Fisher z transformed correlation data (Figure 6) have 
been pooled to give an overview of the relationships 
between hepcidin and other inflammatory and 
erythropoietic markers in studies that reported the 
correlation coefficient. The highest and most 
consistent association was between hepcidin and 
ferritin (pooled r ≈ 0.72–0.73; Basseri et al., 2013; 
Petrovic et al., 2024, Mecklenburg et al., 2014), and 
this was because both hepcidin and ferritin are 
upregulated by IL-6-dependent acute-phase responses. 
Hepcidin-IL-6 correlation was moderate (r = 0.546; 
Basseri et al., 2013; p = 0.023) and hepcidin-CRP 
correlation was similarly moderate (ρ = 0.502; 

Petrovic et al., 2024; p = 0.003). Most importantly, 
hepcidin showed a significant inverse correlation with 
hemoglobin (r = −0.528; Basseri et al., 2013; p = 
0.029), and an inverse relationship with TSAT 
increment after oral iron administration (Wolff et al., 
2019; ρ = −0.742), linking mechanistically its ability 
to suppress hemoglobin to its ability to block iron 
absorption—the cardinal pathophysiological features 
of ACD. 

 
Figure 6. Correlation forest plot for hepcidin and key 
mechanistic/clinical markers. Fisher z-confidence 
intervals were calculated from reported correlations 
and sample sizes. Negative correlations with 
hemoglobin and TSAT increment mechanistically 
corroborate hepcidin's role in iron-restricted 
erythropoiesis in ACD/AI. 
5. Discussion 
5.1 Hepcidin: Diagnostic Power With 
Implementation Constraints 
These findings in the synthesis herein support the fact 
that hepcidin-25 is the most powerful single diagnostic 
marker of ACD/AI detection and ACD-IDA 
differentiation available so far. Biologically, it is 
undeniable since elevated serum hepcidin is 
mechanistically close to the ACD phenotype, more so 
than any other biomarker (Nemeth et al., 2004; Ganz 
& Nemeth, 2012). The AUC values found in all the 
different situations (IBD, geriatric and CKD) are 
consistently high (range 0.828-0.921), and the 
correlation data showed that hepcidin is a quantifiable 
product that combines an inflammatory signal 
(ferritin, CRP, and IL-6) with an erythropoietic result 
(Hb and TSAT). 
But there are two structural hurdles to the 
recommendation for clinical universalization. First, 
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the inter-assay heterogeneity observed between the 
studies included is clinically important because the 
absolute differences in results of the same clinical 
samples that were processed by mass spectrometry 
versus an ELISA platform can be as much as 10-fold 
(Kroot et al., 2010). If no harmonized international 
reference standards and cross-platform calibration is 
available, the results obtained by measuring the same 
sample in different clinical settings cannot be safely 
transferred. Second, hepcidin's performance is 
statistically significantly poorer in the CKD-
hemodialysis population where the AUC is 0.921 vs 
GDF-15 0.982 (Yilmaz et al., 2016; p = 0.032). 
Therefore, the selection of biomarker should take into 
account disease context, availability of the assays in 
the region, and familiarity of the clinicians with the 
assays. 
5.2 The sTfR-F Index: The Most Practice-Ready 
Discriminator 
From this review, the sTfR/log ferritin index arises as 
the most readily available biomarker on the market 
that can be used immediately in the clinical setting in 
both the IBD and RA settings. Its combination of the 
use of two assays widely available (sTfR by 
immunoturbidimetry, ferritin by automated 
immunoassay) and its correction for the acute-phase 
ferritin elevation which has limited the use of ferritin 
alone makes it a robust, broadly applicable and cost 
effective discriminator between IDA and ACD/mixed 
anemia. Although there are only a few studies that 
have performed prospective validation, the 
multicenter study by Skikne et al. (2011), the large 
IBD series of Oustamanolakis et al. (2011a) 
(sensitivity 91%, specificity 92%) and the RA-specific 
validation study by Al-Rubaie et al. (2019) provide a 
robust evidence base. 
An key drawback of the sTfR-F index is that it relies 
on imperfect standardization of the sTfR assay; 
however, this is much better than the use of hepcidin. 
Also, in conditions of very high erythropoietic 
demands (hemolysis, thalassemia, severe IDA) the 
sTfR part of the index might be out of proportion, 
thereby leading to false positive IDA diagnosis. 
Implementation guidelines recommend pre-analytical 
specification of the sTfR assay and the validation of 
the assay in the specific disease context using a cut-
off. 
5.3 Reticulocyte Hemoglobin Indices: 
Underutilized Real-Time Markers 

The diagnostic value of Ret-He/CHr (AUC: 0.828; 
sensitivity: 85% at threshold value of 26 pg; Joosten et 
al., 2013) when coupled with good sensitivity of RDW 
(93%) and RSF (83%) as auxiliary tests in CBC, 
highlights the value of reticulocyte hemoglobin 
indices as clinically relevant early detection tools that 
are systematically underused. A key benefit of these 
markers is that they do not need to be added to the 
instrument and more importantly they do not need to 
be added to the sample and processed in the same way 
as other markers, but can be added directly to the 
routine complete blood count performed on modern 
hematology analyzers with reticulocyte analysis 
modules. This is a crucial practical benefit in a 
resource-poor environment or in a crisis situation with 
a short time frame. 
The only problem is that it depends on the instrument, 
meaning that the Ret-He values returned by Sysmex 
cannot be used in place of CHr values returned by 
Beckman Coulter, nor vice versa (absolute differences 
are approximately 1-2 pg), and thus different 
instrument specific reference intervals and cut-off 
values must be used. Moreover, there is a lack of 
systematic validation in the existing evidence base, 
which is mostly restricted to geriatric and IBD 
populations, with the lack of validation in RA, 
paediatric and CKD non-dialysis settings. In future 
studies, multi-platform Ret-He/CHr calibration 
studies should be given priority as well as hepcidin or 
sTfR-F as comparators. 
5.4 Clinical Algorithm and Hierarchical 
Biomarker Strategy 
A hierarchical clinical algorithm is proposed which 
integrates evidence across the different families of 
biomarkers, settings of disease and of resources. The 
ferritin/CRP ratio (≤ 6; Ajayi et al., 2024) and 
RDW/RSF from the routine CBC are simple first line 
tests for ID in inflammation and have good diagnostic 
accuracy (AUC 0.85–0.92) and sensitivity (82–93%) 
in primary care and resource-limited settings. In 
secondary/specialist care settings where the sTfR 
assay is available the sTfR-F index (cut-off > 1.4–
1.48, depending on the context of the disease), and the 
Ret-He (< 26 pg) as a real-time marker of 
erythropoiesis, should be the main discriminators 
between IDA and ACD/mixed anaemia. In tertiary (or 
research) settings, where hepcidin assays are 
available, serum hepcidin-25 (measured by the 
locally-standardized assay) should definitely be used 
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for phenotyping and to guide the response to 
intravenous iron therapy; as shown by Chand et al. 
(2015), the log10 hepcidin regression coefficient β = -
0.84 (95% confidence interval: -1.38 to -0.31) for the 
increment in Hb is clinically actionable guidance on 
iron responsiveness, especially in CKD. 
None of these biomarkers should replace the use of 
hemoglobin in the routine clinical evaluation. Instead, 
they should serve as mechanistically informative 
adjuncts to the diagnosis of ACD/AI that, along with 
clinical history, disease activity indices and CBC data, 
can allow for earlier, more specific, and more 
therapeutically targeted diagnoses of ACD/AI. The 
critical unmet need is a valid disease-specific 
composite index which formally takes into account 
hepcidin (or the ferritin/CRP ratio), sTfR-F, Ret-He, 
Hb, and clinical context to integrate these data into a 
probabilistic score for diagnosis, similar to the 
Mentzer index used for thalassemia differentiation, 
which has proven useful in resource-limited 
environments. 
5.5 Limitations of This Review 
There are a number of methodological shortcomings 
that need to be noted. Several studies included had 
small sample sizes (especially Karlsson (2017) with n 
= 30 and Basseri et al. (2013)with n = 17), and this 
reduces the precision of the individual effect 
estimates. Formal pooling of absolute values was not 
possible due to considerable assay variability in 
measuring hepcidin. PRISMA counts are based on an 
evidence workbook that was developed and edited 
from an export of data from the database but will need 
to be re-checked and verified by the institutional 
queries in the database before being submitted. It was 
only English language publications that were included 
in the study, which could have led to language bias. 
Lastly, most of the studies included in the review were 
cross-sectional and cannot be assessed for their 
predictive validity for progression of anemia and/or 
response to therapy, which is an important factor to 
consider for future prospective studies. 
6. Conclusion 
This systematic review and meta analytic synthesis of 
26 peer-reviewed studies reveals that the scientific 
grounds for use of hemoglobin cut-offs in the clinical 
decision for ACD/AI diagnosis are unsound and the 
situation is remediable. Four major chronic 
inflammatory disease contexts were evaluated and a 
consistent, well characterized non-hemoglobin panel 

of biomarkers (hepcidin-25, the sTfR/log ferritin 
index, reticulocyte hemoglobin equivalent (Ret-
He/CHr) and GDF-15 in specific CKD contexts as 
well as the ferritin/CRP ratio) enables diagnostic AUC 
values of ≥ 0.83 to be achieved. The sTfR-F index 
proved to be the most broadly implementable 
discriminator for IDA versus ACD in IBD and RA 
setting with excellent sensitivity/specificity 
(91%/92%) and with commercial assay available and 
cross-validated. Assay heterogeneity aside, hepcidin-
25 is the most pathophysiologically specific single 
marker, and best predictor of failure to respond to iron 
therapy, in CKD. Ret-He/CHr and the ratio of 
ferritin/CRP emerge as attractive possibilities for first-
line screening, in the absence of the ability to measure 
either hepcidin or sTfR. 
In order to fully translate hepcidin assays into the 
clinic, the most urgent research needs are the 
standardization of the assays on commercial assays 
and the instrument-specific validation of the cutoffs of 
Ret-He/CHr. Future prospective studies need to 
consider longitudinal changes in biomarkers in 
patients with ACD who are treatment naïve and formal 
combinations of multiple biomarkers and disease 
activity variables. With the tools (biomarkers) at hand, 
early identification of ACD/AI - before anemia 
becomes clinically evident - is possible, and can be 
achieved at every site of clinical care if the clinical 
community thinks beyond hemoglobin as the only 
diagnostic currency, and is phenotype-specific. 
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