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Purpose: Assess whether iron deficiency prevalence in heavy smokers is higher in presence of COPD and/or emphysema, how the
prevalence of iron deficiency is impacted by the biomarker used to define it, and examine the prevalence of anemia and polycythemia
in heavy smokers with or without COPD.

Patients and Methods: A cross-sectional analysis was conducted on 1002 participants from the Norwegian Early Lung Cancer
Screening study. All participants underwent chest CT scans, spirometry, and venous blood sampling to analyze iron-related parameters,
C-reactive protein (CRP), and hemoglobin. Iron deficiency was defined using transferrin saturation (TSat) <20%, ferritin < cutoff
(CRP-dependent), or a combination of both.

Results: The prevalence of iron deficiency varied from 3% to 30%, being highest when defined by TSat <20%, and was more
prevalent in participants with COPD. Emphysema was not associated with iron deficiency. Decreasing hemoglobin, increasing soluble
transferrin receptor (sTfR) and CRP were associated with TSat <20%. COPD was not independently associated with iron deficiency.
Increasing age and sTfR, along with female sex, were associated with ferritin < cutoff. Anemia was more common than polycythemia,
with approximately one-third of anemia cases attributable to iron deficiency.

Conclusion: Iron deficiency was more prevalent in heavy smokers with COPD than in those without, but not in individuals with
emphysema. TSat <20% identified significantly more cases of iron deficiency than ferritin < cutoff. Eight percent of participants had
anemia, while four percent had polycythemia, with neither condition related to COPD or emphysema.
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Introduction
Tobacco smoke is the primary factor in developing both emphysema and chronic obstructive pulmonary disease (COPD).
Emphysema is a histopathological disorder of alveolar destruction, whereas COPD is defined by physiological airflow
limitation and associated symptoms. In practice and in this study, emphysema is most often detected by radiological
imaging and can be present without a clinical diagnosis of COPD. ' Lung damage in COPD may impact the physiological
processes involved in iron metabolism via chronic inflammation and hypoxemia. Chronic inflammation can hinder iron
absorption from the intestines and its release from storage,” while hypoxemia stimulates erythropoiesis,” leading to
increased iron consumption. These processes are clinically relevant because iron deficiency and anemia can worsen
functional capacity, dyspnea, and quality of life in individuals with COPD.

Although assessment of iron status is not currently included in the evaluation for treatable traits in COPD, studies
report a higher prevalence of iron deficiency among individuals with COPD compared to healthy individuals.*> Before
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determining whether iron deficiency would be meaningful as a treatable trait in COPD, an extension of empirical data is
needed to clarify the relationship between iron metabolism and COPD.

Most previous studies on this topic have focused on hospital cohorts with severe COPD; therefore, population-based
or less selected cohorts are required. While various iron deficiency biomarkers exist, few studies systematically assess
these biomarkers in COPD patients. Additionally, the influence of COPD phenotypes on the relationship between COPD
and iron metabolism warrants further investigation. The predominant emphysema phenotype is characterized by alveolar
destruction, resulting in hyperinflation and reduced gas diffusion, which subsequently leads to hypoxemia. However, we
are not aware of research examining the relationship between emphysema and iron deficiency. Consequently, we
hypothesize that emphysema may impact iron metabolism differently compared to individuals without emphysema.

A lung cancer screening program represents a relevant population for addressing these knowledge gaps by selecting
individuals from the general population with high lifetime tobacco consumption. Accordingly, this study aimed to (1)
compare three biomarkers of iron deficiency in individuals with and without COPD; (2) explore the associations between
iron deficiency biomarkers and clinical phenotypes of COPD, such as emphysema and inflammation; and (3) delineate
the proportion of individuals with either anemia or polycythemia.

Materials and Methods

The Norwegian Early Lung Cancer Screening study (TIDL) is a pilot program for lung cancer screening in Norway,
conducted by Akershus University Hospital. In 2022, all approximately 125,000 residents of Akershus county aged
60-79 years were invited to complete a digital survey regarding smoking and other risk factors to estimate future lung
cancer risk according to PLCOm2012.® Among about 13,500 respondents, 2499 individuals with at least 35 pack-years of
tobacco consumption or a six-year lung cancer risk of >2.6% were randomly assigned to participate in a low-dose
computed tomography (LDCT) screening intervention (n=1250) or not (n=1249). The size of the LDCT group was
determined by available funding. A total of 1007 participants (80%) in the intervention group completed an LDCT scan
of the chest. Spirometry was offered as a voluntary examination on the same day as the LDCT, with 1003 accepting.
Furthermore, all participants scheduled for the LDCT were also invited to provide venous blood samples for biobanking,
with 1004 consenting. Consequently, a total of 1002 participants completed all examinations (Figure 1).

Both the lung cancer screening program and the associated biobank study received approval from the regional
medical ethics committee (REK nos. 197434 and 401898) and the local data protection officer. All participants provided
written informed consent prior to study commencement, and the study complied with the Declaration of Helsinki.

The severity of respiratory symptoms was assessed through interviews. Dyspnea was evaluated using the 5-point
modified Medical Research Council (mMRC) scale.” Chronic cough, defined as coughing daily for at least eight weeks
per year, was recorded in the survey and responses were categorized as “yes” or “no”. Current and past tobacco
consumption was documented in the survey, and current smoking status was also confirmed at the LDCT visit.

Spirometry was conducted according to the European Respiratory Society and American Thoracic Society guidelines
and was performed regardless of the use of prescribed bronchodilators on the same day.® Participants’ expected
performance was determined using GLI-2012 reference values.’ In this study, a diagnosis of COPD was confirmed if
the ratio of forced expiratory volume in one second (FEV,)/forced vital capacity (FVC) was below the lower limit of
normal and accompanied by airway symptoms.

Venous blood samples were drawn and, if indicated, centrifuged within 90 minutes. The samples were aliquoted into
cryotubes and frozen at —80°C within 120 minutes. Subsequent analyses were conducted in batches of several hundred
samples. C-reactive protein (CRP), iron, transferrin, and soluble transferrin receptor (sTfR) were analyzed using the
cobas pro c503, while ferritin was analyzed on the cobas pro e801. Hemoglobin was measured on the Sysmex XN-10
after a comparative study showed no significant differences in hemoglobin measurement between fresh and frozen-
thawed samples (Supplemental Figure 1).

The LDCT was performed without venous contrast. An experienced radiologist (HA) assessed all CT scans for the
degree of emphysema, categorizing the findings subjectively as none (score 0), mild (score 1), moderate (score 2), or

severe (score 3). In some analyses, these categories were dichotomized, combining moderate and severe emphysema to
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Figure | Flowchart of the participants.

indicate the presence of potentially clinically significant emphysema. Participants with tumors requiring immediate
referral for clinical workup were classified as having lung cancer (n=12).

The three diagnostic criteria for iron deficiency utilized in this study were based on guidance from international
experts,'” standard practices in research involving individuals with COPD,"" and conclusions drawn from two previous
studies.'>'* The criteria included: transferrin saturation (TSat) <20%; ferritin < cutoff (100 pg/L in presence of
inflammation, 30 pg/L in absence of inflammation); and a combination of these two criteria. Presence of inflammation
was defined as CRP >5 mg/L.
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Anemia was defined according to WHO criteria as hemoglobin levels <12 g/dL for women and <13 g/dL for men.
Polycythemia was defined as hemoglobin levels above the reference range: >15.3 g/dL for women and >17.0 g/dL for men.

The data are presented as means with standard deviations (SD) for variables with symmetrical distributions, and as
medians with the 25™ and 75™ percentiles for skewed variables. Continuous parameters were compared between groups using
the #-test for symmetrically distributed data and the Mann—Whitney U-test for non-symmetrical data. For dichotomized
variables, we applied the chi-squared test and Fisher’s exact test. Cuzick’s extension of the Wilcoxon rank-sum test, a non-
parametric method for trend analysis, was used to compare dyspnea and emphysema scores between groups. Prevalence of
iron deficiency across different biomarker definitions was compared conducted using McNemar’s test. Odds ratios (OR) for
various iron deficiency criteria were estimated through bivariate and multivariable logistic regression analyses.

To explore the association between clinical or biochemical aspects of COPD and iron deficiency biomarkers, we
considered the following covariates: age, sex, COPD diagnosis, emphysema presence, current smoking status, hemoglo-
bin, sTfR, CRP, BMI (body mass index (kg/mz)), and estimated glomerular filtration rate (eGFR). Covariates with
a bivariate p-value <0.05 were included in the multivariable analysis, and no multicollinearity was detected among them.
Given the established association between inflammation and iron biomarkers, we predefined interaction terms for
CRPxCOPD and CRPxemphysema in multivariable analyses.

All p-values are two-sided, with a p-value <0.05 considered statistically significant. Missing data are indicated by
footnotes in the tables. Data analysis was performed using Stata version 18.0.

Results

Table 1 presents the characteristics of the study population, categorized by presence or absence of COPD. Approximately
23% of the total population had COPD based on the current definition. While age, sex, and pack-years were similar
across groups, the COPD group exhibited lower BMI and FEV as a percentage of predicted, higher mMRC scores, and
a greater prevalence of cough and current smoking compared to the non-COPD group. The degree of emphysema was
significantly greater (p<0.001) in participants with COPD (mean score 1.40) than in those without (mean score 0.67).

Table | Descriptive Demographic, Clinical and Laboratory Data for the Total Group and According to
Presence of COPD

Total

No COPD

COPD

Participants, n (%)

1002 (100)

769 (76.8)

233 (23.3)

Demographics

Age (years), median (257 757

69.8 (65.7-74.4)

69.7 (65.6-74.1)

70.2 (66.1-74.7)

Sex: Female, n (%) 374 (37.3) 276 (35.9) 98 (42.1)
Pack years, median (25— 75%) 40 (33.8-46.7) 40 (33.8-46.8) 39 (33.846.3)
Current smoking, n (%) 433 (433 304 (39.5) 129 (55.6)*°

BMI (kg/m?), median (25— 75%)

27.2 (24.3-29.7)

27.5 (24.7-30.1)

25.7 (23.2-28.7)°

Clinical data
Self-reported cough, n (%) 417 (41.8)° 261 (34.1)¢ 156 (67.2)*°
Self-reported dyspnea (mMRC), n (%) € f de
0 431 (44.0) 391 (52.1) 40 (17.5)
| 413 (42.2) 287 (38.3) 126 (55.0)
2 102 (10.4) 59 (7.9) 43 (18.8)
(Continued)
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Table 1 (Continued).

Total No COPD COPD
34 33 (3.4) 13 (1.7) 20 (8.7)
FEV, in % of predicted, mean (SD) 79.3 (18.7) 85.3 (14.9) 59.6 (16.2) ®
Emphysema by CT, n (%) 8
None 404 (40.3) 362 (47.1) 42 (18.0)
Mild 399 (39.8) 309 (40.2) 90 (38.6)
Moderate 150 (15.0) 84 (10.9) 66 (28.3)
Severe 49 (4.9) 14 (1.8) 35 (15.0)
Lung cancer detected at screening, n (%) 12 (1.2) 9 (1.2) 3(1.3)
Venous blood analyses
Hemoglobin (g/dL), median (25®- 75%) 14.5 (13.5-154)* | 14.4 (13.5-154) | 14.5 (13.5-15.5)
CRP (mg/L), median (25"- 75%) 1.7 (0.8-3.5) 1.6 (0.7-3.4) 2.1 (1.04.6)°
CRP = 5 mg/L, n (%) 169 (16.9) 120 (15.6) 49 (21.0)
eGFR (mL/min/1.73m?), median (25®- 75%) | 86.6 (74.1-93.9) 86.8 (74.1-94.0) | 86.1 (73.6-93.7)

Notes: | participant missing data. ®Statistically significant differences between the groups: p<0.001. 5 participants missing data. %4
participants missing data. °23 participants missing data. {19 participants missing data. &Statistically significant differences between the
groups, applies to overall scores for the variables (Self-reported dyspnea or Emphysema) assessed by Cuzick’s test: p<0.001.
Abbreviations: COPD, Chronic Obstructive Pulmonary Disease; BMI, Body Mass Index; mMRC, modified Medical Research Council
Dyspnea Scale; FEV, Forced Expiratory Volume in | second; CRP, C-Reactive Protein; CT, Computed Tomography; eGFR, estimated

Glomerular Filtration Rate.

Nevertheless, 98 (12.7%) of non-COPD participants had moderate or severe emphysema. Detected lung cancer cases,

hemoglobin levels, and kidney function were similar across both groups.

Table 2 presents iron-related parameters stratified by the presence or absence of COPD or emphysema (moderate or

severe). We observed a significantly higher proportion of participants with COPD meeting the TSat <20% criterion compared

to those without COPD. In both groups, fewer participants met the ferritin < cutoff criterion. Combining the ferritin < cutoff

and TSat <20% criteria resulted in a further decrease in the prevalence of iron deficiency, with no significant difference

Table 2 Iron-Related Biomarkers and Iron Deficiency for the Total Population and Grouped According to COPD or Emphysema

Total COPD Emphysema®
No Yes No Yes
Participants, n (%) 1002 (100) 769 (76.8) 233 (23.3) 803 (80) 199 (20)
Iron-related parameters
Ferritin (ug/L), median (257 75 153 (92.6-256.3) 161 (93.1-267.5) 137 (91.3-245) 158 (90.4-262) 144 (97.2-244)

Transferrin saturation (%), median (25®- 75%)

26.9 (21.2-33.6)°

27.5 (21.5-33.9)°

252 (19.8-33.1)°

26.7 (21.0-33.6)°

27.6 (21.9-33.5)

Iron (umol/L), median (257~ 75 17.6 (14.4-21.8) 18.0 (14.8-21.9) 16.4 (13.4-21.3)° 175 (14.4-21.8) 17.9 (14.2-21.6)

Transferrin (g/L), mean (SD) 2.64 (0.34)° 2.65 (0.36)° 2.63 (0.34) 2.65 (0.35) 261 (0.33)

TR (mg/L), median (25®- 75%) 242 (2.08-2.85) 241 (2.07-2.83) 2.52 (2.10-2.91) 241 (2.07-2.83) 2.5 (2.13-2.91)

sTfR > reference range®, n (%) 14 (1.4) 13 (1.7) 1 (0.4) 11 (1.4) 3 (1.5)
(Continued)
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Table 2 (Continued).

Total COPD Emphysema®
No Yes No Yes

Iron deficiency

Ferritin <cutoff®, n (%) 74 (7.4) 51 (6.6) 23 (9.9) 57 (7.1) 17 (85)

Transferrin saturation<20%, n (%) 207 (20.7)° 148 (19.3)° 59 (25.3)° 167 (20.9)° 40 (20.1)

Ferritin <cutoff® +Transferrin saturation<20%, n (%) 40 (4.0)° 26 (3.4)° 14 (6.0) 31 (3.9)° 9 (4.5)
Hemoglobin

Anemia (WHO)', n (%) 81 (8.0)% 62 (8.1) 19 (8.2)% 63 (7.9) 18 (9.1)8

Iron deficiency anemia (highest prevalence by any of the iron 25 (2.5)" 20 (2.6)° 5 (2.2)2 20 (2.5)° 5 (2.5)%
deficiency criteria above), n (%)

> reference range of hemoglobin', n (%) 40 (4.0) 31 (4.0) 9 (3.9 34 (42) 6 (3.0

Notes: *Emphysema: Moderate or severe degree as evaluated by chest CT scan. °3 participants missing data. “Statistically significant differences between groups (COPD vs.
non-COPD, emphysema vs. non-emphysema): p <0.05. 9Reference range of transferrin receptor: Females: 1.9—4.4 mg/L. Males: 2.2-5.0 mg/L. ®Ferritin cutoff, in presence of
CRP 2 5 mg/L: 100 pg/L. Ferritin cutoff in presence of CRP <5 mg/L: 30 pg/L. "WHO defined anemia: Females: Hemoglobin <12 g/dL. Males: Hemoglobin <13 g/dL. &I
participant missing data. "4 participants missing data. 'Reference range of hemoglobin: Females: 11.7-15.3 g/dL, Males: 13.4-17.0 g/dL.

Abbreviations: COPD, Chronic Obstructive Pulmonary Disease; SD, standard deviation; sTfR, soluble Transferrin Receptor.

between the COPD and non-COPD groups. In similar analyses comparing participants with and without emphysema, no
differences in iron deficiency prevalence were found between the groups. Overall iron deficiency prevalence was significantly
higher when defined by TSat <20% compared to ferritin < cutoff (p<0.0001). The odds of being classified as iron deficient
were nearly five times higher with the TSat <20% definition (OR=4.91, 95% CI: 3.38-7.33).

Participants were further categorized into four distinct groups: neither COPD nor emphysema (n=671, 67%);
emphysema without COPD (n=98, 10%); COPD without emphysema (n=132, 13%); and COPD with emphysema
(n=101, 10%). Figure 2 illustrates the prevalence of iron deficiency across these groups. Notably, the COPD without
emphysema group exhibited the highest prevalence of iron deficiency based on the TSat <20% criterion, which was

35%

30%
25%
p = 0.007

20%
15%

10%

i I I

]

Ferritin < cutoff TSat <20% Ferritin < cutoff & TSat <20%

® COPD — Emphysema — = COPD — Emphysema + ®COPD + Emphysema — mCOPD + Emphysema +
n=671 n =98 n=132 n=101

Figure 2 Bar chart illustrating the proportion with iron deficiency according to the different iron deficiency criteria in four different groups of participants, with or without
COPD and/or with or without emphysema.
Abbreviations: COPD, Chronic obstructive pulmonary disease; TSat, Transferrin Saturation.
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significantly greater than that in the group with neither COPD nor emphysema. No other statistically significant
differences in biomarker-defined iron deficiency were observed between the groups.

The overlap between the iron deficiency biomarkers ferritin < cutoff and TSat <20% was partial in both COPD and
non-COPD participants (Supplemental Table 1). Among the 40 participants identified as having iron deficiency according

to the combined criterion, this group represented 54% of those with ferritin < cutoff and 19% of those with TSat <20%.

The odds ratios from three separate bivariate and multivariable logistic regression models of iron deficiency criteria and
relevant covariates are presented in Table 3. Adding the interaction terms CRPxCOPD or CRPxemphysema did not improve
model prediction as determined by the Akaike Information Criterion or the Bayesian Information Criterion, and these terms
were not retained. In multivariable analyses, increasing age and sTfR, and female sex were significantly associated with
ferritin < cutoff. For the outcome of TSat <20%, decreasing hemoglobin and increasing sTfR and CRP were significantly
associated, while COPD was no longer significantly associated with it. Finally, for the combined criterion of ferritin < cutoff
and TSat <20%, significantly associated covariates included increasing age and sTfR, and decreasing hemoglobin.

Anemia was identified in 8% of non-COPD participants (both with and without emphysema), 7% of COPD participants
without emphysema, and 10% of COPD participants with emphysema (Supplemental Table 2). There were no statistically

significant differences in anemia prevalence between these groups. One-third of all cases could be attributed to iron
deficiency, with TSat <20% being the most frequently met criterion among these participants. Polycythemia was infrequently
observed, occurring in 2—5% of participants across the groups, with the highest prevalence in the COPD group without
emphysema; however, no statistically significant difference was observed between groups (Supplemental Table 2).

Discussion

The most significant findings are that iron deficiency, as indicated by TSat <20%, but not ferritin < cutoff, was more
prevalent among lung cancer screening participants with COPD compared to non-COPD participants, while emphysema
per se was not associated with biomarkers of iron deficiency.

First, the results of this study partially support previous research that points towards an association between COPD
and increased prevalence of iron deficiency.*'! Our data extend previous empirical evidence by assessing a large group
of individuals from the general population with a history of heavy smoking. Furthermore, by including heavy smokers
without COPD as a control group, we demonstrate that tobacco consumption alone is less likely to account for this
association.

Our study suggests that one in four individuals with COPD and a heavy smoking history may have iron deficiency,
highlighting the relevance of this issue for further investigation both in hospital settings and by family practitioners.
Other comorbidities in COPD, such as cardiovascular disease, chronic kidney disease, and psychiatric conditions—which
reportedly have similar prevalence rates to iron deficiency in this study—have received more attention to aid in
identifying treatable traits that can improve patient outcomes.

A novel aspect of this study was including three different iron deficiency biomarkers and comparison of their
prevalence. Across all three biomarkers, we found a higher absolute prevalence of iron deficiency in the COPD group
compared to the non-COPD group. TSat <20% identified significantly more individuals as iron deficient than ferri-
tin < cutoff. The overlap between TSat <20% and ferritin < cutoff, represented by the combined criterion, was limited.
Research conducted on heart failure patients showed that combining TSat <20% and ferritin <128 pg/L best identified
those with bone marrow-verified iron deficiency.'> Whether this also applies to COPD patients remains unclear.

Our population allowed us to investigate the association between iron deficiency biomarkers and COPD phenotypes,
with emphysema being a novel approach. Aside from a minority of persons with genetic susceptibilities, emphysema
arises from long-term exposure to tobacco smoke or related toxic agents. The permanently damaged alveolar architecture
contributes to obstructive exhalation and reduced gas diffusion, leading to hyperinflated lungs with lower alveolar oxygen
levels and, subsequently, hypoxemia, which stimulates increased erythropoiesis and consumes iron. We hypothesized that
emphysema would be associated with iron deficiency; however, we found no evidence to support this hypothesis in our
study. Additionally, we observed no increase in hemoglobin levels in the presence of emphysema compared to its
absence. However, we cannot rule out that an association between emphysema and iron deficiency may exist in patients
with more advanced pulmonary disease and pronounced hypoxemia.
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Table 3 Odds Ratios (OR) with Corresponding 95% Confidence Intervals (Cl) for Three Diagnostic Criteria of Iron Deficiency, by Relevant Covariates Using Bivariate and
Multivariable Logistic Regression. The Interaction Terms CRP x COPD and CRP x Emphysema Did Not Improve the Models and Were Thus Omitted.

Ferritin < cutoff* (n=74 of 1002) Transferrin Saturation <20% (n=207 of Ferritin < cutoff* and Transferrin Saturation <20%
999) (n=40 of 999)
Bivariate® Multivariable® Bivariate® Multivariable® Bivariate® Multivariable®

Characteristics OR | 95% CI OR | 95% ClI OR 95% CI OR 95% ClI OR 95% CI OR 95% CI
Age (per 10 years increase) 1.67 | (1.06,2.63)" | 1.83 | (1.06;3.14)" | 0.95 0.71;1.27) 1.95 (1.06;3.60)" 2.54 (1.16;5.55)"
Sex: Female vs. Male 1.65 | (1.03;2.66)" | 1.86 | (1.053.27)" | 1.23 (0.90;1.68) 1.40 (0.74;2.64)

COPD (Yes vs. No) 1.54 | (0.92;2.58) 1.42 (1.00;2.00)° 1.32 (0.89;1.96) 1.82 (0.93;3.54)

Emphysema (Yes vs. No) 1.22 | (0.69;2.15) 0.95 (0.65;1.40) 1.18 (0.55;2.51)

Current smoking (Yes vs. No) 0.83 | (0.51;1.35) 0.97 (0.71;1.32) 0.97 (0.51;1.84)

Hemoglobin (per g/dL increase) 0.77 | (0.67;0.90)" | 0.88 | (0.73;1.05) | 0.83 (0.75;0.92)* | 0.86 (0.76,0.97)f 0.69 (0.57;0.83)% 0.76 (0.60;0.95)"
sTfR (per mg/L increase) 3.01 | (225/4.03)% | 3.28 | (2.384.51)% | 3.0l (2.36;3.84)% 277 (2.13;3.60)% | 4.47 (3.07;6.50)% 483 (3.18;7.34)%
CRP (per 10 mg/L increase)® 1.09 | (0.98;1.23) 3.83 (2.62;5.60)% 3.09 (2.07;4.60)% 1.09 (0.96;1.23)

BMI (per kg/m? increase) 1.02 | (0.97.1.08) 1.05 (1.01;1.09)f 1.03 (0.99;1.07) 1.02 (0.95;1.09)

eGFR (per 10 mL/min/1.73m? increase) | 0.86 | (0.74;0.99)" | 1.14 | (0.941.3) 0.83 (0.75;0.91)% 1.00 (0.99;1.01) 0.80 (0.67;0.97)° 1.25 (0.97;1.61)

Notes: “Ferritin cutoff, in presence of CRP 25 mg/L: 100 pg/L. Ferritin cutoff in presence of CRP <5 mg/L: 30 pg/L. ®n=1002, except for the covariates Current smoking and Hemoglobin: n=1001. “n=1001. ®n=999, except for Current
smoking and Hemoglobin: n=998. ®n=998. ‘p-value <0.05. &p-value <0.001.

Abbreviations: COPD, Chronic Obstructive Pulmonary Disease; sTfR, soluble Transferrin Receptor, CRP, C-Reactive Protein; BMI, Body Mass Index; COPD, Chronic Obstructive Pulmonary Disease; CRP, C-Reactive Protein; eGFR,
estimated Glomerular Filtration Rate.
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Among other clinical and biochemical factors related to COPD phenotypes that we assessed, we report that increasing
age was associated with iron deficiency defined as ferritin < cutoff or in combination with TSat <20%, which aligns with
some findings but contradicts others.'*'> Female sex was associated with ferritin < cutoff, consistent with the latter
study’s findings.'> As expected, lower hemoglobin and higher sTfR, both of which reflect processes involving iron
supply, were linked to two or all three iron deficiency biomarkers.

sTfR has proven useful in distinguishing between anemia of iron deficiency and anemia of chronic inflammation.'®
Although we found sTfR to be strongly associated with all three iron deficiency biomarkers, only 14 participants (1.4%)
had an sTfR level above the reference range, and approximately 50% of them were anemic. Furthermore, all had
TSat <20% and most had ferritin < cutoff. Previous research has shown that sTfR may not detect iron deficiency unless it
has progressed significantly.'”

Inflammation significantly impacts iron-related parameters as it leads to a decrease in plasma iron levels,'® resulting
in lower TSat. Although no single test fully captures systemic inflammation, elevated CRP is commonly used as an
indicator of its presence. In our multivariable analyses, increasing levels of CRP were associated with TSat <20%. As
COPD is often characterized by chronic inflammation, the absence of a significant association between COPD and iron
deficiency (TSat <20%) in multivariable analyses—compared to its presence in bivariate analyses—may be attributed to
the inclusion of CRP in the model. The introduction of CRP likely accounted for some of the variance in iron status that
might otherwise be attributed to COPD alone. While a formal interaction between CRP and COPD was not detected, it
remains plausible that inflammation could modify the relationship between COPD and TSat <20%.

Inflammation also complicates the interpretation of ferritin levels. While plasma ferritin accurately reflects iron
storage in absence of inflammation,'? ferritin levels increase during inflammation regardless of iron status.?® This is why
a higher ferritin cutoff, commonly set at 100 pg/L, is used in inflammatory conditions. However, this cutoff may not be
appropriate for individuals with low-grade inflammatory conditions.

The third aim of this study was to assess deviations in hemoglobin levels within the study population. We found no
association between the prevalence of anemia or polycythemia and COPD or emphysema. Approximately one-third of
the anemia cases were attributable to iron deficiency, defined as TSat <20%. A previous US population-based study
found a similar prevalence of anemia among individuals aged 65 to 74 years, with one-third related to a nutrient
deficiency.”' We do not have sufficient data to evaluate the causes of the remaining two-thirds of anemia cases.

The main strength and clinical relevance of this study lie in its analysis of associations between iron deficiency
biomarkers, COPD, emphysema, and inflammation in a large cohort. It highlights the challenges clinicians face in
diagnosing iron deficiency in COPD patients, where inflammatory processes may elevate ferritin levels and reduce TSat
regardless of iron storage. Additionally, the correlation among iron deficiency biomarkers is limited. Even if the true
prevalence of iron deficiency is estimated at 10% to 20%, it remains a clinically significant concern for COPD patients.

The study has several limitations. The cross-sectional nature of the data allows only for exploratory discussions of
associations. We are uncertain about the status of non-responders in both the survey and the randomized study, which
limits the generalizability of our findings to individuals from the general population willing to participate in screening
programs. However, this is unlikely to have significantly affected the main results, as iron deficiency is not expected to
bias participation rates. Additionally, blood samples were frozen prior to analysis, preventing assessments of reticulocyte
hemoglobin and eosinophil count, which could have offered further insights. Bone marrow analysis for iron assessment
could enhance our understanding of the relationship between iron status and deficiency biomarkers; however, the
invasiveness of this procedure makes it difficult to obtain a sufficient sample size. Only ever-smokers were included
in our cohort; therefore, the results may not be generalizable to individuals with COPD and/or emphysema due to non-
smoking causes. Alternative investigations could include examining the impact of iron deficiency on functional out-
comes, such as the relationship between exercise capacity and specific iron deficiency biomarkers, providing insights into
the relevance of these biomarkers for this patient population.

Conclusion
In a large sample of individuals aged 60—79 years with a history of heavy smoking attending lung cancer screening, the
prevalence of iron deficiency was significantly higher in COPD participants compared to those without. However, when
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accounting for radiological emphysema status, the significant difference remained only in participants without emphy-
sema; emphysema did not contribute to iron deficiency in this study. Furthermore, TSat < 20% identified more
individuals with iron deficiency than ferritin < cutoff. Anemia was present in 8% of the study population, with iron
deficiency accounting for approximately one-third of these cases.

Abbreviations

COPD, Chronic obstructive pulmonary disease; CRP, C-Reactive Protein; TSat, Transferrin Saturation; sTfR, soluble
Transferrin Receptor; TIDL, The Norwegian Early Lung Cancer Screening study; LDCT, Low-dose Computed
Tomography; mMRC, modified Medical Research Council; FEV, Forced Expiratory Volume in one second; FVC,
Forced vital capacity; SD, standard deviation; BMI, Body Mass Index (kg/m?); eGFR, estimated glomerular filtration rate.
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