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Abstract 

Background Patients with systemic sclerosis (SSc) are frequently affected by iron deficiency, particularly those with 
pulmonary hypertension (PH). The first data indicate the prognostic importance of hypochromic red cells (% HRC) > 
2% among patients with PH. Hence, the objective of our study was to investigate the prognostic value of % HRC in 
SSc patients screened for PH.

Methods In this retrospective, single‑center cohort study, SSc patients with a screening for PH were enrolled. Clinical 
characteristics and laboratory and pulmonary functional parameters associated with the prognosis of SSc were ana‑
lyzed using uni‑ and multivariable analysis.

Results From 280 SSc patients screened, 171 could be included in the analysis having available data of iron metabo‑
lism (81% female, 60 ± 13 years of age, 77% limited cutaneous SSc, 65 manifest PH, and 73 pulmonary fibrosis). The 
patients were followed for 2.4 ± 1.8 (median 2.4) years. HRC > 2% at baseline was significantly associated with worse 
survival in the uni‑ (p = 0.018) and multivariable (p = 0.031) analysis independent from the presence of PH or pul‑
monary parenchymal manifestations. The combination of HRC > 2% and low diffusion capacity for carbon monoxide 
(DLCO) ≤ 65% predicted was significantly associated with survival (p < 0.0001).

Conclusion This is the first study reporting that HRC > 2% is an independent prognostic predictor of mortality and 
can possibly be used as a biomarker among SSc patients. The combination of HRC > 2% and DLCO ≤ 65% predicted 
could serve in the risk stratification of SSc patients. Larger studies are required to confirm these findings.
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Background
Iron deficiency (ID) is common among patients with 
autoimmune and chronic inflammatory disorders and 
was shown to be associated with worse prognosis par-
ticularly among patients with systemic sclerosis (SSc) [1]. 
Anemia occurs in up to 25% of SSc patients, mostly due 
to blood loss from their gastrointestinal tract, chronic 
disease, malabsorption syndrome, or hemolysis in case of 
renal crisis [2]. In clinical routine, ferritin and transfer-
rin saturation are the most commonly used parameters 
for the diagnosis of ID [3]. The identification of ID among 
patients with chronic inflammatory disorders is compli-
cated, as both parameters can be affected by inflamma-
tion, potentially resulting in misleading results [4] and a 
delay of ID diagnosis in a stage of advanced anemia [5]. 
Furthermore, serum iron levels fluctuate, depending on 
the nutrition and time point of the day [6]. Therefore, 
more robust biomarkers of the current iron status are 
needed to simplify the diagnostic process, leading to ade-
quate and prompt treatment decisions.

The percentage of hypochromic erythrocytes or red 
cells (% HRC) was shown to be one of the most reliable 
markers for early identification of functional ID, as it 
reflects the iron status of the previous three months [6]. 
It was successfully used for the observation of functional 
ID in rheumatoid arthritis [7] and for monitoring of ther-
apeutic response to iron supplementation in advanced 
chronic kidney disease [8]. Furthermore, previous data 
indicate that HRC > 2% could be relevant for the prog-
nosis of patients with pulmonary arterial hypertension 
(PAH) [9].

In this study, we therefore aimed firstly to investigate 
the correlation of % HRC, as a marker of iron storage, 
with survival among patients with SSc in our cohort of 
patients screened for pulmonary hypertension (PH). 
Secondly, we sought to identify its association with fur-
ther iron-related parameters as well as other pulmonary 
parenchymal manifestations of SSc.

Methods
Study population
In this single-center, retrospective cohort study, SSc 
patients were included, who were referred by their rheu-
matologists for a screening for PH at the expert center for 
PH at the Thoraxklinik Heidelberg gGmbH at Heidelberg 
University Hospital, Germany. SSc patients were sent 
with a suspicion of PH due to symptoms and laboratory 
or lung functional abnormalities from 2010 to 2020. The 
results from a part of this cohort were published before 
[10]. The criteria for SSc classification by the Ameri-
can College of Rheumatology/European League Against 
Rheumatism were fulfilled by all patients [11]. Patients 
were divided into limited (lcSSc) or diffuse cutaneous 

SSc (dcSSc) according to LeRoy’s criteria [12]. Patients 
were not included if they were underaged, not able to 
provide informed consent, had connective tissue diseases 
other than SSc, or had no data of % HRC at baseline. The 
routine assessment of % HRC in our clinical laboratory 
began in July 2014; therefore, patients assessed before 
could not be included in the analysis unless % HRC was 
determined externally.

There was no objection against the study from the eth-
ics committee of the Medical Faculty of Heidelberg Uni-
versity Hospital (internal number S-126/2021). The study 
complied with the current version of the Declaration of 
Helsinki.

Study design
Clinical and laboratory data from SSc patients’ files 
including the routinely performed assessments at first 
evaluation at the PH center as well as survival were 
analyzed. All patients received a standardized clinical 
workup including medical history, clinical examina-
tion, and detailed blood work. Laboratory examinations 
included liver and renal function parameters, inflam-
matory markers (i.e., C-reactive protein (CRP)), N-ter-
minal pro-brain natriuretic peptide levels (NTproBNP), 
and analysis for ID including parameters from complete 
blood count such as hemoglobin, mean corpuscular 
hemoglobin (MCH), mean erythrocyte corpuscular vol-
ume (MCV), mean corpuscular hemoglobin concentra-
tion (MCHC), and % HRC, as well as ferritin and serum 
iron. HRC were characterized by erythrocytes contain-
ing < 28 g/dl hemoglobin. The normal reference range 
of % HRC in our laboratory was 0–2%. Furthermore, 
pulmonary function tests (PFT), electrocardiogram, 
World Health Organization functional class assess-
ment (WHO-FC), 6-min walking distance (6MWD) test 
under standardized conditions [13], echocardiography at 
rest, high-resolution computed tomography scan of the 
lungs (HRCT), and right heart catheterization (RHC) at 
rest were performed. The presence of cardiac disease in 
the past history such as coronary heart disease assessed 
with left heart catheterization and/or pulmonary dis-
ease (i.e., PH and/or interstitial lung disease (ILD)) was 
documented. ILD was diagnosed in case of the presence 
of significant interstitial fibrosis on HRCT of the lungs (> 
20% of parenchyma) or restrictive pattern in PFT in case 
of missing validation in HRCT (maximal vital capacity < 
70% predicted with a concomitant normal ratio of forced 
expiratory volume in the first second to vital capac-
ity). Manifest PAH was diagnosed according to the valid 
hemodynamic criteria, at the time, with a mean pulmo-
nary arterial pressure (mPAP) ≥ 25 mmHg, pulmonary 
vascular resistance (PVR) > 3 Wood units (WU), and 
pulmonary arterial wedge pressure (PAWP) ≤ 15 mmHg 
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measured by RHC [14]. The presence of pulmonary vas-
cular disease (PVD) was defined as either mPAP 21–24 
mmHg with PVR ≥ 2 WU or mPAP ≥ 25 mmHg [10].

Statistical analyses
Descriptive statistics were used to present the patients’ 
characteristics and clinical parameters with mean ± 
standard deviation or frequency. The chi-square test was 
employed for frequency data, presented as n and %.

The threshold for anemia was hemoglobin < 12 g/dl 
in female patients and < 13 g/dl in male patients. ID was 
defined by the threshold for ferritin as < 30 ng/ml with 
normal levels of CRP and ferritin < 100 ng/ml with CRP 
levels > 5 mg/l. The reference cutoffs were based on ref-
erence ranges that were either previously established by 
clinical research or taken from the local laboratory.

The relevance for survival was investigated for clini-
cal parameters associated with outcome in SSc includ-
ing sex, age, type of SSc, presence of ILD [15], DLCO ≤ 
65% predicted [5], and PVR ≥ 2 WU [10]. Furthermore, 
parameters associated with iron metabolism or inflam-
mation including CRP and white blood cell count were 
compared between the groups. The Mann-Whitney U 
test was employed to compare the clinical characteristics 
between the patient groups with HRC > 2% and ≤ 2%.

The prognostic values for survival were investigated 
by uni- and multivariable Cox regression analysis. Death 
due to any cause, date of lung transplantation, or date 

of last contact was recorded for survival at follow-up 
and compared to the time of the first evaluation (base-
line). Univariable categorial analysis was performed 
by Kaplan-Meier analysis. A multivariable Cox model 
was performed including all variables, which were sig-
nificantly associated with survival (p < 0.05) in the uni-
variable log rank tests. The combined independent 
parameters for risk assessment were compared with 
known risk stratification tools REVEAL [16], REVEAL 
2.0 [17], COMPERA [18], and the French risk assess-
ment strategy [19]. p-values < 0.05 were considered as 
statistically significant. IBM SPSS V 27.0 was used to 
conduct all analyses (IBM Corp. Released 2020. IBM 
SPSS Statistics for Macintosh, version 27.0. Armonk, 
NY: IBM Corp.).

Results
Patients’ characteristics
Of 280 SSc patients screened for PH at the Centre for 
Pulmonary Hypertension, Thoraxklinik Heidelberg, 171 
patients could be included (Fig.  1). The baseline char-
acteristics of the patients of the whole study cohort are 
detailed in Table  1. Out of the 171 patients, 139 were 
female (81.3%), the mean age was 60 ± 13 years, 132 
patients (77%) had lcSSc, and 39 had dcSSc (23%). The 
mean SSc duration was 8.3 ± 9.4 years. Pulmonary arte-
rial pressure elevation was present in 106 patients (62%), 
41 were diagnosed with associated PAH (24%), and 65 

Fig. 1 Study flowchart. Out of 280 patients, 171 had an assessment of hypochromic erythrocytes at the initial screening for pulmonary 
hypertension. Patients were assessed clinically and followed for 2.4 ± 1.8 (median 2.4) years
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Table 1 Characteristics of the patients at baseline

Parameter [unit] Whole cohort (n = 171)

Mean or n ± SD or (%) 95%CI n

Age [years] 60.15 ± 13.16 58.16 to 62.13

Height [cm] 165.56 ± 8.31 164.30 to 166.81

Weight [kg] 69.84 ± 15.62 67.48 to 72.20

Female sex, no. [%] 139 81.3%

World Health Organization functional class
 I 34 19.9%

 II 85 49.7%

 III 46 26.9%

 IV 6 3.5%

SSc subgroups
 Limited cutaneous SSc 132 77.2%

 Diffuse cutaneous SSc 39 22.8%

SSc disease duration [years] 8.31 ± 9.38 6.88 to 9.73 168

Modified Rodnan Skin Score 10.99 ± 11.01 8.74 to 13.24 94

Oxygen saturation [%] 95.66 ± 3.44 95.14 to 96.18

Digital ulcers 65 39.4% 165

Arterial hypertension 67 39.4% 170

Pulmonary fibrosis 73 42.7%

Hemodynamics at rest
 mPAP [mmHg] 23.84 ± 10.12 22.31 to 25.37

 PAWP [mmHg] 10.45 ± 4.21 9.82 to 11.09 170

 Cardiac output [l/min] 5.29 ± 1.58 5.05 to 5.53 167

 Cardiac index [l/min/m2] 3.06 ± 0.85 2.93 to 3.19 169

 PVR [WU] 2.80 ± 2.19 2.47 to 3.13 170

Echocardiography at rest
 Right atrial area  [cm2] 13.45 ± 4.80 12.71 to 14.19 164

 Right ventricular area  [cm2] 15.29 ± 4.21 14.64 to 15.94 164

 sPAP [mmHg] 35.20 ± 14.48 32.97 to 37.43 164

 TAPSE [mm] 23.61 ± 4.88 22.86 to 24.36 165

Lung function
 VCmax [%] 92.03 ± 23.74 88.39 to 95.67 166

 FEV1 [l] 2.26 ± 0.71 2.15 to 2.37 166

 TLC [l] 5.03 ± 1.21 4.84 to 5.21 166

 DLCO [%] 56.88 ± 19.71 53.73 to 60.03 153

 DLCO/VA [%] 68.25 ± 20.83 64.96 to 71.54 156

Laboratory
 NTproBNP [ng/l] 584.37 ± 1487.97 353.51 to 815.24 162

 WBC [/nl] 7.73 ± 2.62 7.33 to 8.12

 Creatinine [mg/dl] 0.84 ± 0.28 0.80 to 0.88

 GFR [ml/min/1.73  m2] 86.20 ± 27.56 82.03 to 90.37 170

 MCH [pg] 29.89 ± 2.02 29.59 to 30.20

 MCV [fl] 90.00 ± 5.31 89.20 to 90.80

 CRP [mg/l] 6.04 ± 9.08 4.67 to 7.41

 Ferritin [ng/ml] 103.66 ± 128.38 83.68 to 123.46 161

 Hemoglobin [g/dl] 13.37 ± 1.40 13.16 to 13.58

 Iron [μmol/l] 12.95 ± 6.01 12.01 to 13.88 161
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had pre-capillary PH (38%) with mPAP ≥ 25 mmHg and 
PAWP ≤ 15 mmHg. ILD was detectable in 73 patients 
(43%). All patients with SSc-associated PAH received 
targeted PAH therapy according to the previous PH 
guidelines [14]. Of the 171 patients included, 50% were 
in WHO-FC II, 27% in WHO-FC III, and 4% in WHO-
FC IV. The mean 6MWD was 428 ± 103 m. Overall, 40 
patients (23%) suffered from coronary artery disease and 
67 (39%) from systemic arterial hypertension. The renal 
function was normal on average. The mean C-reactive 
protein was 6.0 ± 9.1 mg/l, with 52 (30.4%) patients hav-
ing a CRP > 5 mg/l.

Iron status and anemia
At baseline, anemia was present in 17 patients (10%), 
and 13 of them were females. ID was identified among 
59 patients (35%). Thirty-eight patients (22%) received 
iron supplementation during follow-up. As ID could be 
caused by malignancies and gastrointestinal bleeding 
especially among SSc patients, we examined the patients’ 
medical records for any such events. Overall, malignan-
cies were reported in 16 patients (9%). Most of them 
(11/16) had had a tumor long before the diagnosis of SSc 
and had no signs of relapse during the first presentation 
and evaluation of iron status in our clinic, whereas five 
patients developed a malignancy 4 to 5 years after the 
first screening. The tumors reported included breast can-
cer (7 patients), gastrointestinal tumors (3 patients), and 
others (6 patients). Gastrointestinal bleeding was identi-
fied in 6 patients, at least 1 year after the first evaluation, 
and none suffered from anemia at baseline.

Survival of SSc patients
The patients were followed for 2.4 ± 1.8 (median 2.4) 
years. During the observation time, 18 patients died 
(Fig.  1), 12 due to pulmonary complications (mostly 
P(A) H and/or ILD, one due to breast cancer and PAH, 
and one due to pneumonia and sepsis); one patient died 

due to lung cancer; and for 5 patients (27.7%), the cause 
remained unknown (Fig. 1). The mean estimated survival 
was 7.3 ± 0.5 (standard error of the mean) years from 
baseline (date of screening assessment).

Predictors of survival
In order to investigate the parameters associated with 
survival, parameters correlating with iron status as well 
as further known prognostic predictors for survival 
in SSc were assessed using Cox regression analysis. In 
the univariable analysis analyzing parameters of iron 
metabolism, only % HRC was significantly associated 
with survival (p = 0.043). Neither ferritin nor hemo-
globin showed prognostic value for survival (p = 0.353 
and p = 0.290, respectively). In the categorial univariable 
analysis performed with Kaplan-Meier analysis, HRC 
> 2% was significantly associated with worse survival (p 
= 0.018, Fig. 2). In the univariable analysis investigating 
the known prognostic parameters in SSc, DLCO ≤ 65% 
predicted, age ≥ 60 years at baseline, and PVR ≥ 2 WU 
were significantly associated with survival in our cohort 
(p < 0.001, p = 0.040, and p = 0.041, respectively). The 
autoantibody status showed no correlation with survival 
(p = 0.131). In the multivariable Cox regression analysis, 
only two factors, HRC > 2% (p = 0.031) and low diffu-
sion capacity for carbon monoxide (DLCO) ≤ 65% pre-
dicted (p = 0.013), were independent prognostic factors 
for survival (Table  2). Since ILD and PVR ≥ 2 WU did 
not significantly improve the multivariable model, the 
two parameters HRC > 2% and DLCO ≤ 65% predicted 
were independent from the presence of pulmonary 
fibrosis or pulmonary vascular pressure increase in this 
cohort of SSc patients. The combination of HRC > 2% 
and DLCO ≤ 65% predicted was significantly associated 
with mortality (p < 0.0001, Table 2). The two independent 
prognostic predictors of the multivariable analysis (iden-
tified by stepwise forward selection with likelihood ratio), 
HRC > 2% and DLCO ≤ 65% predicted, were analyzed 

Table 1 (continued)

Parameter [unit] Whole cohort (n = 171)

Mean or n ± SD or (%) 95%CI n

Presence of autoantibodies 146

 Anti‑Scl‑70 48 32.9%

 CENT 52 35.6%

 Others 46 31.5%

6-min walking distance [m] 428.23 ± 103.15 411.65 to 444.82 151

mPAP mean pulmonary arterial pressure, PAWP pulmonary arterial wedge pressure, PVR pulmonary vascular resistance, WU Wood units, sPAP systolic pulmonary 
arterial pressure, TAPSE tricuspid annular plane systolic excursion, VC vital capacity, FEV1 forced expiratory volume in first second, TLC total lung capacity, DLCO 
diffusion capacity of carbon monoxide, DLCO/VA diffusion capacity of carbon monoxide divided by the alveolar volume, NTproBNP N-terminal pro-brain natriuretic 
peptide, WBC white blood cells, GFR glomerular filtration rate, MCH mean corpuscular hemoglobin, MCV mean corpuscular volume, CRP C-reactive protein, Anti-Scl-70 
anti-topoisomerase I antibodies, CENT anti-centromere antibodies, Others mostly RNA-polymerase I/II/II, antinuclear antibodies (ANA), fibrillarin, Pm/Scl
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by Kaplan-Meier analysis (p < 0.0001). In the presence 
of both risk factors, the 1- and 3-year survival was 95.0% 
and 77.2%, respectively; in the presence of only one risk 
factor, the 1- and 3-year survival was 100% and 95.3%, 
respectively; and in the absence of both risk factors, the 
3-year survival was 100% (Kaplan-Meier, p < 0.0001, Fig. 3).

In comparison with other risk stratification tools 
(REVEAL, REVEAL 2.0, COMPERA, and French 
approach), the combination of HRC > 2% and DLCO 
≤65% predicted was superior to discriminate survival 
(Cox regression p < 0.0001).

Distinction of patients with HRC ≤ 2% and > 2%
Patients were divided into two groups according to % 
HRC (Table 3). Patients with HRC > 2% showed a more 
severely impaired PFT with significantly reduced lung 
volumes and lower diffusion capacity (Table  3). There 
was no difference in terms of renal function between the 
groups. Patients with HRC > 2% had significantly lower 
hemoglobin and iron levels as well as lower MCH (p < 
0.001, p = 0.011, p = 0.001, respectively), although fer-
ritin levels did not significantly differ between the groups 
(p = 0.857). The inflammatory marker CRP was higher 
in patients with HRC > 2% (p = 0.031), but the leuko-
cyte count showed no difference (p = 0.622) between 
the groups. No correlations could be identified for HRC 
> 2% regarding age, gender, presence of ILD, or SSc sub-
type (p = 0.432, p = 0.193, p = 0.121, and p = 0.903, 
respectively).

Fig. 2 Kaplan‑Meier analysis of hypochromic red cells > 2% vs. ≤ 2%. Hypochromic erythrocytes > 2% significantly predicted survival in the study 
cohort (p = 0.018)

Table 2 Predictors of survival in the uni‑ and multivariable 
analysis

MCV mean corpuscular volume, SSc systemic sclerosis, DLCO diffusion capacity 
of the lung for carbon monoxide, ILD interstitial lung disease, PVR pulmonary 
vascular resistance
a Univariable categorical analyses were performed with Kaplan-Meier analysis, 
and all other analyses were Cox regression analyses

Variables Univariable 
analysis

Multivariable 
Cox regression 
analysis

p-value n p-value n

Hypochromic erythrocytes 0.043 170

White blood cell count 0.298 170

Ferritin 0.353 160

Iron 0.702 160

Hemoglobin 0.290 170

MCH 0.301 170

MCV 0.143 170

Categoriala

 MCV ≤ 80 fl 0.920 163

 Hypochromic erythrocytes > 2% 0.018 163 0.031 145

Known prognostic predictors
 Sex 0.322 163

 Type of SSc 0.679 163

 DLCO ≤ 65% predicted < 0.001 149 0.013 145

 ILD presence 0.066 163

 Age ≥ 60 years, baseline 0.040 160

 PVR ≥ 2 WU 0.041 161
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Hypochromic red cells in pulmonary vascular disease (PVD)
Patients with > 2% HRC displayed a significantly more 
severe hemodynamic impairment with significantly 
higher mPAP and PVR values (p = 0.003 and 0.002, 
respectively). In transthoracic echocardiography at rest, 
they presented with significantly higher systolic pulmo-
nary arterial pressures (p = 0.001), although there were 
no differences in right heart size or function between the 
groups. Furthermore, patients with HRC > 2% were more 
severely physically impaired and had significantly shorter 
6MWD (p < 0.001) and worse WHO-FC (chi-square p = 
0.017). The occurrence of PVD during follow-up could 
be predicted with a sensitivity of 65% and a specificity 
of 83.5% in the presence of the independent risk factors 
HRC > 2% and/or DLCO ≤ 65% predicted.

Discussion
This is the first study investigating the importance of 
% HRC as a marker of deranged iron supply demon-
strating that a concentration of more than 2% of HRC 
is a strong predictor for worse survival in SSc patients 
independent from the presence of ILD and/or PH. On 
the contrary, ferritin, hemoglobin, and serum iron as 
conventional parameters of ID were not associated with 
mortality in our cohort. Moreover, the combination of 
HRC > 2% and DLCO ≤ 65% predicted was shown to 
be a useful tool to stratify patients at higher mortality 

risk (p < 0.0001). Additionally, the combination of these 
factors could be useful to predict the development of 
PVD during follow-up with a sensitivity of 65% and a 
specificity of 83.5% in our cohort.

Iron deficiency and HRC as a prognostic indicator in SSc
Iron deficiency can be present in up to 25% of SSc 
patients even without anemia [20] and was associated 
with worse survival especially among SSc patients with 
PVD [1]. Mainly ferritin, MCV, and soluble transfer-
rin receptor (sTfR) are traditional markers for ID [21]. 
However, the predictive value of these parameters for 
ID is limited especially in inflammatory diseases. Ferri-
tin is an acute-phase protein and thus fluctuates due to 
inflammation [4]. This could explain why ferritin was not 
associated with outcomes among patients in our cohort, 
and there was no difference in ferritin levels among the 
groups with high or low % HRC. Furthermore, hemo-
globin and other iron-related parameters such as serum 
iron, MCV, and MCH were not associated with survival 
in the uni- and multivariable analysis in contrast to % 
HRC. Being less influenced by inflammation [22], % 
HRC may provide a valuable biomarker of iron status in 
SSc. It not only correlated with significantly worse sur-
vival independent from the presence of pulmonary man-
ifestations, but also with the development of PVD when 
combined with low DLCO.

Fig. 3 Kaplan‑Meier analysis of the multivariable risk set. DLCO ≤ 65% predicted and hypochromic red cells > 2% were identified as independent 
prognostic predictors (p < 0.0001)
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Table 3 Baseline characteristics of patients with HRC ≤ 2% or > 2%

Parameter [unit] Cohort with HRC% ≤ 2% (n = 123) Cohort with HRC% > 2% (n = 48) p

Mean or n ± SD or (%) na Mean or n ± SD or (%) na

Age [years] 59.65 ± 12.93 61.42 ± 13.81 0.432

Height [cm] 166.7 ± 8.38 162.63 ± 7.44 0.004

Weight [kg] 71.18 ± 16.06 66.4 ± 14.01 0.072

Female sex, no. [%] 97 78.9% 42 87.5% 0.193

World Health Organization functional class 0.017

 I 25 20.3% 9 18.8%

 II 69 56.1% 16 33.3%

 III 26 21.2% 20 41.7%

 IV 3 2.4% 3 6.3%

SSc subgroups 0.903

 Limited cutaneous SSc 96 78.1% 36 75.0%

 Diffus cutaneous SSc 27 22.0% 12 25.0%

SSc disease duration [years] 8.18 ± 9.43 121 8.66 ± 9.35 47 0.765

Modified Rodnan Skin Score 10 ± 11 67 14 ± 11 27 0.114

Oxygen saturation [%] 95.96 ± 3.29 94.9 ± 3.75 48 0.071

Digital ulcers 43 35.8% 120 22 48.9% 45 0.136

Arterial hypertension 46 37.7% 122 21 43.8% 0.468

Interstitial lung disease 48 39.0% 25 52.1% 0.121

Hemodynamics at rest
 mPAP [mmHg] 22.25 ± 9.16 27.92 ± 11.35 0.003

 PAWP [mm Hg] 10.42 ± 4.46 10.55 ± 3.50 47 0.848

 Cardiac output [l/min] 5.40 ± 1.74 121 4.99 ± 1.05 46 0.065

 Cardiac index [l/min/m2] 3.01 ± 0.82 122 3.18 ± 0.93 47 0.265

 PVR [WU] 2.39 ± 1.74 122 3.84 ± 2.82 0.002

Echocardiography at rest
 Right atrial area  [cm2] 13.03 ± 4.25 117 14.48 ± 5.88 47 0.131

 Right ventricular area  [cm2] 15.05 ± 4.08 117 15.89 ± 4.52 47 0.246

 sPAP [mmHg] 32.45 ± 11.84 116 41.85 ± 17.90 0.001

 TAPSE [mm] 23.98 ± 4.53 117 22.70 ± 5.59 0.161

Lung function
 VCmax [%] 95.05 ± 22.72 121 83.92 ± 31.02 45 0.007

 FEV1 [l] 2.39 ± 0.72 121 1.90 ± 0.56 45 <0.001

 TLC [l] 5.21 ± 1.21 121 4.54 ± 1.08 45 0.001

 DLCO [%] 59.36 ± 19.61 114 49.65 ± 18.36 39 0.008

 DLCO/VA [%] 70.97 ± 19.46 115 60.63 ± 22.82 41 0.006

Laboratory
 NTproBNP [ng/l] 465.53 ± 1452.81 116 884.07 ± 1548.96 46 0.107

 WBC [/nl] 7.79 ± 2.41 7.57 ± 3.12 0.622

 Creatinine [mg/dl] 0.836 ± 0.281 0.846 ± 0.271 0.826

 GFR [ml/min/1.73  m2] 86.61 ± 24.90 122 85.17 ± 33.67 0.789

 Urea [mg/dl] 34.3 ± 16.7 34.79 ± 21.00 0.873

 MCH [pg] 30.27 ± 1.61 28.93 ± 2.59 0.001

 MCV [fL] 90.48 ± 4.58 88.77 ± 6.73 0.11

 Troponin T [pg/ml] 11.21 ± 13.01 101 11.83 ± 10.24 38 0.792

 CRP [mg/l] 4.69 ± 5.04 123 9.50 ± 14.68 0.031

 Ferritin [ng/ml] 104.82 ± 111.74 115 100.77 ± 164.20 46 0.857

 Hemoglobin [g/dl] 13.73 ± 1.24 12.46 ± 1.38 < 0.001

 Iron [μmol/l] 13.69 ± 5.05 116 11.03 ± 7.71 45 0.011
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Risk stratification model: HRC and DLCO
Previous studies showed that reduced DLCO, as a param-
eter to estimate the pulmonary capability to transfer oxy-
gen to erythrocytes, was associated with worse survival 
in SSc patients [5]. We showed that the percentage of red 
blood cells containing < 28 g/dl hemoglobin or having a 
MCH < 28 pg was associated with worse survival in SSc 
patients. In the multivariable analysis, only DLCO ≤ 65% 
predicted and HRC > 2% were independent prognostic 
predictors for survival. The combination of these param-
eters could also predict the development of PVD with a 
sensitivity of 65% and a specificity of 83.3%. The latter 
indicates that patients with both risk factors should be 
closely monitored for the development of PVD at follow-
up constituting a simple risk assessment model.

Strengths and limitations
Our study included a large cohort of SSc patients being 
screened for PH. It provided valuable insights into the 
prognosis and stratification in this patient population 
with a rare disease. The patients underwent a detailed 
clinical work-up in an expert center including thorough 
diagnostics for the presence of any pulmonary SSc-asso-
ciated involvement, including lung imaging by HRCT and 
invasive assessment for potential PVD by RHC. The pres-
ence of a higher proportion of HRC and its association 
with worse prognosis stresses the need for a thorough 
evaluation of these patients to identify those with ID. 
Furthermore, the calculation of % HRC is included in the 
clinical routine measurements in normal blood work and 
is cheap, well-established, easily, and promptly estimated.

On the other hand, due to the retrospective character of 
our study, the interpretation of further parameters of iron 
metabolism was limited as measurements such as trans-
ferrin saturation and soluble transferrin receptor were 
often missing from the routine work-up. The presence 

of gastrointestinal involvement was furthermore based 
on information from the past medical history accord-
ing to the patients’ records and not based on endoscopic 
exclusion. Moreover, the inclusion of patients receiving 
a screening for PH in a specialized center for pulmonary 
diseases might have led to biased data. Due to the single-
center nature of this study, the applicability of results to 
other cohorts is unclear, and thorough future  investiga-
tions including further centers is warranted.

Prospective studies examining ID parameters including 
% HRC and the effect of parenteral iron supplementation 
on improvement of quality of life, exercise capacity, and 
survival might be useful in the future.

Conclusions
The presence of HRC > 2% was independently associated 
with impaired survival among patients with SSc. The pres-
ence of low DLCO and high HRC added predictive power 
not only for survival but also for the possible development 
of impairment in pulmonary vasculature leading to early 
signs of PVD. Thus, this new biomarker might serve as 
a parameter for the risk assessment of SSc patients. Fur-
thermore, % HRC might be used to measure functional ID 
more accurately and independently from the presence of 
inflammation than the commonly employed parameters 
ferritin, transferrin, and transferrin saturation. HRC may 
serve as a biomarker for the indication of iron substitution 
and for monitoring of iron status. Larger studies to validate 
the importance of this biomarker in clinical daily routine 
and therapeutic application are warranted.
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Table 3 (continued)

Parameter [unit] Cohort with HRC% ≤ 2% (n = 123) Cohort with HRC% > 2% (n = 48) p

Mean or n ± SD or (%) na Mean or n ± SD or (%) na

Presence of autoantibodies 104 42 0.333

 Anti‑Scl‑70 38 36.6% 10 23.8%

 CENT 35 33.6% 17 40.5%

 Others 31 29.8% 15 35.7%

6-min walking distance [m] 446.44 ± 100.35 111 377.7 ± 94.63 40 < 0.001
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PH  Pulmonary hypertension
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PVR  Pulmonary vascular resistance
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WHO  World Health Organization
WU  Wood units
6MWD  6‑min walking distance

Acknowledgements
We would like to thank all patients who participated in the study. This work 
was part of the doctoral thesis of OG. For the publication fee we acknowledge 
financial support by Deutsche Forschungsgemeinschaft within the funding 
programme “Open Access Publikationskosten” as well as by Heidelberg 
University.

Authors’ contributions
PX: Substantial contributions to the acquisition, analysis and interpretation of 
data, drafting of the work. OG: this is a part of doctorate thesis of OG; Substan‑
tial contributions to the acquisition, analysis and interpretation of data, drafting 
of the work. NBe: Substantial contributions to the conception, acquisition, 
data analysis and interpretation of data, drafting of the work. SHar: Substantial 
contributions to the acquisition and interpretation of data of the work. BE: Sub‑
stantial contributions to the acquisition and interpretation of data of the work. 
AMM: Substantial contributions to the acquisition and interpretation of data of 
the work. SHaa: Substantial contributions to the acquisition and interpretation 
of data of the work. NM: Substantial contributions to the acquisition and inter‑
pretation of data of the work. NBl: Substantial contributions to the acquisition 
and interpretation of data of the work. HML: Substantial contributions to the 
acquisition and interpretation of data of the work. CF: Substantial contributions 
to interpretation of data of the work. SU: Substantial contributions to interpre‑
tation of data of the work. OD: Substantial contributions to interpretation of 
data of the work. EG: Substantial contributions to the conception, acquisition, 
analysis and interpretation of data of the work. CAE: Substantial contributions 
to the acquisition and interpretation of data, coordination of the work. All 
authors read and approved the manuscript and agree to all aspects of the work 
in ensuring that questions related to the accuracy or integrity of any part of the 
work are appropriately investigated and resolved.

Funding
Open Access funding enabled and organized by Projekt DEAL. No specific 
funding was received from any bodies in the public, commercial, or not‑for‑
profit sectors to carry out the work described in this article.

Availability of data and materials
The datasets are available upon reasonable request to the corresponding 
author.

Declarations

Ethics approval and consent to participate
All data were pseudonymized. The ethics committee of the Medical Faculty of 
Heidelberg University Hospital had no objections against the conductance of 
the study (internal number S126/2021). The study complies with the Declara‑
tion of Helsinki in its current version. Participating patients consented to the 
data analysis.

Consent for publication
Not applicable.

Competing interests
PX has received personal fees from MSD and OMT outside the submitted 
work.
OG, NBe, SHaa and NM declare that they have no competing interests related 
to this study.
CAE has received speaker fees from MSD outside the submitted work.
SHar and BE received travel fees, consulting fees, speaker fees, and/or hono‑
raria from Actelion, MSD, Bayer and OMT, outside the submitted work.
AMM has received personal fees from Bayer, outside the submitted work.
CN has received consulting fees, speaking fees, and/or honoraria from 
Actelion, MSD, Boehringer, Novartis, Bayer, and AstraZeneca (less than $10,000 
each).
NBl has received consulting fees, speaker fees, and/or honoraria from AbbVie, 
BMS, Pfizer, Roche, Novartis, UCB, Janssen‑Cilag, Novartis, SOBI, Actelion 
outside the submitted work.
HML has received consulting fees, speaking fees, and/or honoraria from 
AbbVie, BMS, Pfizer, Cellgene, Medac, GSK, Roche, Chugai, Novartis, UCB, Jans‑
sen‑Cilag, AstraZeneca, and Lilly (less than $10,000 each) and research support 
from AbbVie, MSD, BMS, Cellgene, Medac, GSK, Roche, Chugai, Novartis, UCB, 
Janssen‑Cilag, AstraZeneca, Lilly, Baxter, SOBI, Biogen, Actelion, Bayer Vital, 
Shire, Octapharm, Sanofi, Hexal, Mundipharm, and Thermo Fisher.
CF has received consulting fees, speaker fees form Abbvie, AstraZeneca, BMS, 
Celagene, Celltrion, Galapagos, Janssen, Lilly, MSD, Medac, Novartis, Pfizer, 
Roche, Sanofi, UCB.
SU received grants from the Swiss National Science foundation and the Zurich 
Lung League, travel support and speakers’ fees from Janssen SA, Switzerland, 
Bayer SA, Germany, MSD, Switzerland, Orpha Swiss and Novartis.
OD has/had consultancy relationship with and/or has received research fund‑
ing from and/or has served as a speaker for the following companies in the 
area of potential treatments for systemic sclerosis and its complications in 
the last three calendar years: 4P‑Pharma, Abbvie, Acceleron, Alcimed, Amgen, 
AnaMar, Arxx, AstraZeneca, Baecon, Blade, Bayer, Boehringer Ingelheim, 
Corbus, CSL Behring, 4P Science, Galapagos, Glenmark, Horizon, Inventiva, 
Janssen, Kymera, Lupin, Medscape, Miltenyi Biotec, Mitsubishi Tanabe, 
MSD, Novartis, Prometheus, Redxpharma, Roivant, Sanofi and Topadur. 
Patent issued “mir‑29 for the treatment of systemic sclerosis” (US8247389, 
EP2331143).
EG has received fees for lectures and/or consultations from Actelion, Bayer AG, 
Ferrer, GSK, Janssen and MSD.

Author details
1 Centre for Pulmonary Hypertension, Thoraxklinik Heidelberg gGmbH at Hei‑
delberg University Hospital, Röntgenstrasse 1, D‑69126 Heidelberg, Germany. 
2 Translational Lung Research Centre Heidelberg (TLRC), Member of the Ger‑
man Centre for Lung Research (DZL), Heidelberg, Germany. 3 Department 
of Pneumology and Critical Care Medicine, Thoraxklinik Heidelberg gGmbH 
at Heidelberg University Hospital, Heidelberg, Germany. 4 Division of Rheuma‑
tology, Department of Internal Medicine V: Hematology, Oncology and Rheu‑
matology, University Hospital Heidelberg, Heidelberg, Germany. 5 Department 
of Translational Medical Sciences, “Federico II” University and School of Medi‑
cine, Naples, Italy. 6 Unit for Rheumatology and Clinical Immunology, Medical 
Centre Baden‑Baden, Baden‑Baden, Germany. 7 Department of Pulmonology, 
University Hospital Zurich, University of Zurich, Zurich, Switzerland. 8 Depart‑
ment of Rheumatology, University Hospital Zurich, University of Zurich, 
Zurich, Switzerland. 9 Laboratory for Molecular Genetic Diagnostics, Institute 
of Human Genetics, Heidelberg University, Heidelberg, Germany. 

Received: 15 November 2022   Accepted: 26 February 2023

References
 1. Ruiter G, Lanser IJ, de Man FS, van der Laarse WJ, Wharton J, Wilkins MR, 

et al. Iron deficiency in systemic sclerosis patients with and without 
pulmonary hypertension. Rheumatology (Oxford). 2014;53(2):285–92.

 2. Frayha RA, Shulman LE. Stevens MB: Hematological abnormalities in 
scleroderma. A study of 180 cases. Acta Haematol. 1980;64(1):25–30.

 3. Camaschella C. Iron‑Deficiency anemia. N Engl J Med. 2015;373(5):485–6.



Page 11 of 11Xanthouli et al. Arthritis Research & Therapy           (2023) 25:38  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 4. Sonnweber T, Pizzini A, Tancevski I, Loffler‑Ragg J, Weiss G. Anaemia, iron 
homeostasis and pulmonary hypertension: a review. Intern Emerg Med. 
2020;15(4):573–85.

 5. Nihtyanova SI, Schreiber BE, Ong VH, Rosenberg D, Moinzadeh P, Coghlan 
JG, et al. Prediction of pulmonary complications and long‑term survival in 
systemic sclerosis. Arthritis Rheumatol. 2014;66(6):1625–35.

 6. Goddard AF, James MW, McIntyre AS, Scott BB. British Society of G: 
Guidelines for the management of iron deficiency anaemia. Gut. 
2011;60(10):1309–16.

 7. Arndt U, Kaltwasser JP, Gottschalk R, Hoelzer D, Moller B. Correction 
of iron‑deficient erythropoiesis in the treatment of anemia of chronic 
disease with recombinant human erythropoietin. Ann Hematol. 
2005;84(3):159–66.

 8. Thomas DW, Hinchliffe RF, Briggs C, Macdougall IC, Littlewood T, Cavill I. 
British Committee for Standards in H: Guideline for the laboratory diagno‑
sis of functional iron deficiency. Br J Haematol. 2013;161(5):639–48.

 9. Xanthouli P, Theobald V, Benjamin N, Marra AM, D’Agostino A, Egenlauf 
B, et al. Prognostic impact of hypochromic erythrocytes in patients with 
pulmonary arterial hypertension. Respir Res. 2021;22(1):288.

 10. Xanthouli P, Jordan S, Milde N, Marra A, Blank N, Egenlauf B, et al. Haemo‑
dynamic phenotypes and survival in patients with systemic sclerosis: the 
impact of the new definition of pulmonary arterial hypertension. Ann 
Rheum Dis. 2020;79(3):370–8.

 11. van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A, 
et al. 2013 classification criteria for systemic sclerosis: an American Col‑
lege of Rheumatology/European League against Rheumatism collabora‑
tive initiative. Arthritis Rheum. 2013;65(11):2737–47.

 12. LeRoy EC, Medsger TA Jr. Criteria for the classification of early systemic 
sclerosis. J Rheumatol. 2001;28(7):1573–6.

 13. Guyatt GH, Pugsley SO, Sullivan MJ, Thompson PJ, Berman L, Jones NL, 
et al. Effect of encouragement on walking test performance. Thorax. 
1984;39(11):818–22.

 14. Galiè N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, et al. 2015 
ESC/ERS Guidelines for the diagnosis and treatment of pulmonary 
hypertension: the Joint Task Force for the Diagnosis and Treatment of 
Pulmonary Hypertension of the European Society of Cardiology (ESC) 
and the European Respiratory Society (ERS): Endorsed by: Association 
for European Paediatric and Congenital Cardiology (AEPC), Interna‑
tional Society for Heart and Lung Transplantation (ISHLT). Eur Heart J. 
2016;37(1):67–119.

 15. Elhai M, Meune C, Boubaya M, Avouac J, Hachulla E, Balbir‑Gurman A, 
et al. Mapping and predicting mortality from systemic sclerosis. Ann 
Rheum Dis. 2017;76(11):1897–905.

 16. Benza RL, Gomberg‑Maitland M, Miller DP, Frost A, Frantz RP, Foreman 
AJ, et al. The REVEAL Registry risk score calculator in patients newly diag‑
nosed with pulmonary arterial hypertension. Chest. 2012;141(2):354–62.

 17. Benza RL, Gomberg‑Maitland M, Elliott CG, Farber HW, Foreman AJ, Frost 
AE, et al. Predicting survival in patients with pulmonary arterial hyperten‑
sion: the REVEAL Risk Score Calculator 2.0 and comparison with ESC/
ERS‑based risk assessment strategies. Chest. 2019;156(2):323–37.

 18. Hoeper MM, Pittrow D, Opitz C, Gibbs JSR, Rosenkranz S, Grunig E, 
et al. Risk assessment in pulmonary arterial hypertension. Eur Respir J. 
2018;51(3):1702606.

 19. Boucly A, Weatherald J, Savale L, Jais X, Cottin V, Prevot G, et al. Risk 
assessment, prognosis and guideline implementation in pulmonary arte‑
rial hypertension. Eur Respir J. 2017;50(2):1700889.

 20. Sari AGA, Nihtyanova SI, Ong VH, Denton CP. Unexplained iron deficiency 
is frequent in systemic sclerosis. In:  EULAR; 2018. p. 2018.

 21. Gattermann N, Muckenthaler MU, Kulozik AE, Metzgeroth G, Hastka J. 
Investigation of iron deficiency and iron overload. Dtsch Arztebl Int. 
2021;118(49):847–56.

 22. Urrechaga E, Borque L, Escanero JF. Percentage of hypochromic eryth‑
rocytes as a potential marker of iron availability. Clin Chem Lab Med. 
2011;50(4):685–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Hypochromic red cells as a prognostic indicator of survival among patients with systemic sclerosis screened for pulmonary hypertension
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study population
	Study design
	Statistical analyses

	Results
	Patients’ characteristics
	Iron status and anemia
	Survival of SSc patients
	Predictors of survival

	Distinction of patients with HRC ≤ 2% and > 2%
	Hypochromic red cells in pulmonary vascular disease (PVD)

	Discussion
	Iron deficiency and HRC as a prognostic indicator in SSc
	Risk stratification model: HRC and DLCO

	Strengths and limitations

	Conclusions
	Acknowledgements
	References


