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A B S T R A C T

Background. Iron deficiency (ID) is a common condition in
nondialysis-dependent chronic kidney disease (NDD-CKD)
patients that is associated with poorer clinical outcomes.
However, the effect of ID on health-related quality of life
(HRQoL) in this population is unknown. We analyzed data
from a multinational cohort of NDD-CKD Stages 3–5 patients
to test the association between transferrin saturation (TSAT) in-
dex and ferritin with HRQoL.
Methods. Patients from Brazil (n¼ 205), France (n¼ 2015)
and the USA (n¼ 293) in the Chronic Kidney Disease
Outcomes and Practice Patterns Study (CKDopps, 2013–2019)
were included. We evaluated the association of TSAT and ferri-
tin (and functional and absolute ID, defined as TSAT�20%
and ferritin �300 or <50 ng/mL) on pre-specified HRQoL
measures, including the 36-item Kidney Disease Quality of Life
physical component summary (PCS) and mental component
summary (MCS) as the primary outcomes. Models were ad-
justed for confounders including hemoglobin (Hb).
Results. TSAT�15% and ferritin <50 ng/mL and�300 ng/mL
were associated with worse PCS scores, but not with MCS.
Patients with composite TSAT�20% and ferritin <50 or
�300 ng/mL had lower functional status and worse PCS scores
than those with a TSAT of 20–30% and ferritin 50–299 ng/mL.
Patients with a lower TSAT were less likely to perform intense
physical activity. Adjustment for Hb only slightly attenuated
the observed effects.

Conclusions. Low TSAT levels, as well as both low TSAT with
low ferritin and low TSAT with high ferritin, are associated
with worse physical HRQoL in NDD-CKD patients, even after
accounting for Hb level. Interventional studies of iron therapy
on HRQoL among NDD-CKD individuals are needed to con-
firm these findings.
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life, iron deficiency

I N T R O D U C T I O N

In biological systems, iron exerts essential functions and can po-
tentially result in cell toxicity, particularly in the context of in-
creased intracellular iron content resulting in oxidative injury,
which explains the complex regulation of iron metabolism in hu-
man physiology [1]. On the other hand, a decrease in iron avail-
ability in the body results not only in iron deficiency (ID) anemia,
but also in a disarrangement of the energy metabolism, particu-
larly in muscle cells, given that iron is essential for the synthesis
of major proteins in a wide range of intracellular pathways [2].

A precise diagnosis of ID can be achieved by the confirma-
tion of reduced iron content in the bone marrow, although the
clinical use of this evaluation is not practical [3]. Although far
from ideal, the most commonly used parameters to assess iron
status in clinical practice are transferrin saturation (TSAT) and
ferritin. Based on these biochemical parameters, there are two
main ID subtypes: absolute ID, loosely defined as low TSAT
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and low ferritin levels, and functional ID, defined as high ferri-
tin combined with low TSAT. While the former represents the
most common subtype in the general population, the latter is
commonly found in chronic inflammatory states, such as heart
failure (HF) and chronic kidney disease (CKD) [4]. In fact,
functional ID results in part from increased hepcidin levels,
which reduce iron release from the reticuloendothelial system,
thereby restricting iron availability for metabolic functions [5].

ID is a common finding in nondialysis-dependent CKD
(NDD-CKD), occurring in up to 50% of patients with anemia
[3, 6, 7]. Current CKD guidelines recommend that screening
for ID should be done mainly in the context of anemia.
Previous studies have shown that even in this restricted strategy
of testing for iron parameters, patients are often left
underevaluated and undertreated for ID [8, 9].

The clinical effects of ID on muscle metabolism and function
are well described in chronic conditions having a similar patho-
physiological basis for ID, such as HF. In HF patients, ID, inde-
pendent from anemia, has been associated with worse
functional and patient-reported outcomes (PROs) in observa-
tional studies [10, 11]. Randomized controlled trials (RCTs)
have confirmed the benefits of ID treatment in HF, regardless
of anemia status, with improvements ranging from patient-
reported to clinical outcomes [12, 13]. In NDD-CKD patients,
ID, both functional and absolute, has been associated with
worse clinical outcomes in observational studies [14, 15]; RCTs,
however, have primarily focused on the erythropoietic effects of
iron replacement therapy [16, 17].

In NDD-CKD, the extent to which serum biomarkers of ID,
as assessed by TSAT and ferritin, are associated with worse
health-related quality of life (HRQoL), and particularly inde-
pendent from anemic states, has not been previously investi-
gated. We therefore designed an analysis using data from
chronic kidney disease outcomes and practice patterns study
(CKDopps) [18], an ongoing international prospective cohort

study of adult NDD-CKD patients, to address the following hy-
potheses: low TSAT, including its combinations with ferritin
(i.e. high and low ferritin), is associated with worse HRQoL,
particularly in physical domains, among NDD-CKD persons;
and the association between serum biomarkers of iron stores
and HRQoL is not mediated or modified by hemoglobin (Hb)
levels.

M A T E R I A L S A N D M E T H O D S

Patient sample

CKDopps is an ongoing prospective cohort study of Stages
3–5 NDD-CKD patients treated in nephrologist-led CKD clin-
ics in Brazil, France, Germany, Japan and the USA. CKDopps
sites were randomly selected from CKD clinics after stratifica-
tion by region. CKDopps study design, details and objectives
have previously been published [18]. CKDopps was approved
by national and/or local ethics committees and patient consent
obtained as required by local ethics regulations.

Our analyses included French, Brazilian and US patients
(2013–2019). German patients were not administered the
HRQoL questionnaires, while data from Japan were unavailable
at the time of analysis. The analysis cohort is comprised primar-
ily (80%) of French patients, due to higher recruitment targets
compared with other countries, greater patient completion of
the HRQoL questionnaire and greater availability of TSAT and
ferritin measurements due to a France-specific protocol re-
quirement for collection.

Exposure definition

The exposures were defined as the closest single TSAT/ferri-
tin measurement reported within 180 days before collection of
the HRQoL data. When available, TSAT and ferritin labs were
required to be collected on the same day. We used multiple
imputations if one of these two was not reported, assuming

KEY LEARNING POINTS

What is already known about this subject?
• Iron plays a crucial role in biological functions beyond erythropoiesis, including energy cell metabolism.
• Iron deficiency (ID) correction improves clinical and patient-reported outcomes (PROs) in patients with chronic dis-

eases, such as heart failure.
What this study adds?
• In nondialysis-dependent chronic kidney disease (NDD-CKD) patients, clinical trials in ID have been limited to eryth-

ropoetic-focused goals, lacking PROs. We sought to explore the associations between iron stores and PROs among
NDD-CKD patients with or without anemia.

• Our description of the associations between ID and physical aspects of health-related quality of life independent of he-
moglobin levels supports the hypothesis that a decrease in iron availability in the body results not only in anemia, but
also in a disarrangement of energy metabolism, resulting in patient-reported adverse outcomes.

What impact this may have on practice or policy?
• Our results support the need for randomized controlled trials (RCTs) for a shift in the current paradigm, in which ID

is screened and managed only in anemic patients with a focus on promoting erythropoiesis, to a broader approach in
which the management of ID could improve quality of life. New RCTs may further test this hypothesis and help foster
a more patient-centered approach to ID management in CKD care.
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they were missing at random. All patients were required to have
at least one of the two labs for inclusion in our analysis. The me-
dian days from exposure to HRQoL data was 24 (interquartile
range 13–49).

We treated TSAT and ferritin as exposures separately for the
primary analyses. TSAT was categorized as �15, >15–20,
>20–30 (reference group), >30–50 and >50%, with ferritin
categorized as <50, 50–99, 100–299 (reference group) and
�300 ng/mL. We also considered joint categories of TSAT and
ferritin, defining ferritin as <50, 50–299 and �300 ng/mL,
while TSAT categories were �20, >20–30, >30–50 and >50%;
the joint categories used wider ranges than in the primary anal-
yses to maintain a sufficient sample size within each category.

Outcomes

Primary outcome. The 36-item kidney disease quality of life
(KDQOL-36) questionnaire combines both general HRQoL
measures and kidney-specific domains [19, 20]. Items were
summarized to yield physical component summary (PCS) and
mental component summary (MCS) scores, along with burden,
symptoms and effects of kidney disease.

Secondary outcomes.
Self-reported physical activity. Self-reported physical activity, cat-
egorized as low, moderate or intense, was assessed by the
Global Physical Activity Questionnaire (GPAQ), whose valida-
tion and reliability for the general population has been previ-
ously evaluated [21]. For this analysis we created a binary
outcome combining the low and moderate categories [22]. As
the GPAQ was collected only in the French cohort, our analysis
of physical activity was restricted to this cohort.

Depression. The short form of the Center for Epidemiologic
Studies Depression Scale (CES-D) consists of 10 items for de-
pression screening and has been validated in the general popu-
lation [23]. We followed the standard procedure of scoring each
item from 0 to 3 and summing to create a single continuous
score from 0 to 30, with higher scores indicating greater symp-
toms of depression [23].

Functional status. Functional status was defined by the
Activities of Daily Living (ADL) Katz instrument and the
Instrumental ADL (IADL) Lawton–Brody scale; both were pre-
viously validated in the general population [24, 25]. In brief,
these instruments assess the respondent’s independence for
performing a set of activities (e.g. eating, getting dressed and
doing laundry) and are strongly correlated with poor prognosis
and more healthcare system use both in the general population
and in end-stage renal disease patients [26]. For this analysis we
combined the ADL and IADL to create a single binary outcome
indicating highest functional status, i.e. no help needed to com-
plete the daily activities.

Exploratory outcomes. We calculated scores for the eight
MCS and PCS 12-item Short Form Health Survey (SF-12) sub-
domains: emotional role, emotional well-being, energy, general
health, pain, physical function, physical role and social

functioning. We performed an exploratory analysis of subdo-
mains of the SF-12.

Statistical analyses

For all outcomes, both continuous and binary, linear mixed
models were built with a random clinic intercept and fixed
effects for multiple confounders. For continuous outcomes, the
models estimated the mean differences in the outcome scores
across exposure categories. For binary outcomes, the models es-
timated the differences in probabilities of the outcome across
exposure categories. Models were adjusted for country, age, sex,
Black race, body mass index (BMI), current smoker, estimated
glomerular filtration rate (eGFR), albuminuria, serum albumin,
white blood cell count, diabetes, hypertension, atherosclerotic
cardiovascular disease score (a score from 0 to 3, indicating the
presence of coronary artery disease, cerebrovascular disease
and/or peripheral vascular disease), congestive HF, other car-
diovascular diseases, gastrointestinal bleeding, lung disease,
cancer, ulcers/gangrene and erythropoietin-stimulating agent
(ESA) prescription. Two sets of models, one with and one with-
out adjustment for Hb level, were constructed to assess whether
Hb could be a potential mediator of the effect of ID on HRQoL.
Hb values reported on the same day as iron stores were consid-
ered. Models with TSAT exposure were also adjusted for ferri-
tin, while models with ferritin exposure were adjusted for
TSAT.

We performed subgroup analyses for all outcomes stratified
according to CKD stage (Stage 3 versus 4 and 5), iron treatment
(any intravenous or oral iron versus none in the 6 months be-
fore the exposure) and anemia status (defined as Hb<13.5 g/dL
in men and<12 g/dL in women).

Multiple imputations, implemented by IVEware [27], were
used in all analyses to impute missing exposure and covariate
values. Missingness was 13% for TSAT and 4% for ferritin; per
our inclusion criteria, all patients had at least one of these meas-
urements. Missingness was <5% for all other covariates except
albuminuria (11%) and serum albumin (17%). Twenty com-
plete data sets were imputed, all analyses were performed with
each imputed data set and results were combined using Rubin’s
rules [28].

All analyses used SAS software version 9.4 (SAS Institute,
Cary, NC, USA). Confidence intervals (CIs) are reported with a
95% confidence level.

R E S U L T S

A total of 2513 NDD-CKD patients from France [n¼ 2015
(80%)], Brazil [n¼ 205 (8%)] and the USA [n¼ 293 (12%)]
were eligible for inclusion in this analysis (Supplementary data,
Figure S1). Patient characteristics are shown in Table 1.

Patient distribution across TSAT categories of�15,>15–20,
>20–30, >30–50 and >50% was 14, 19, 42, 23 and 2% of
patients, respectively. Patients in the higher TSAT categories
were younger, were more likely to be male and had lower BMI,
higher serum ferritin levels and a lower prevalence of comor-
bidities (Table 1). Moreover, patients in the highest TSAT cate-
gories were more likely to receive ESAs, whereas iron therapy
was more likely prescribed for those who had higher and lower
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TSAT levels. The mean eGFR was similar across TSAT groups.
Regarding ferritin, there were 13, 23, 46 and 18% of persons dis-
tributed in ferritin categories of <50, 50–99, 100–299 and
�300 ng/mL. Differences in patient characteristics across ferri-
tin categories were less pronounced compared with those across
TSAT categories (Table 1). As defined in this study, the sample
proportion of patients with combinations of low TSAT with
low ferritin and low TSAT with high ferritin were 8 and 4%, re-
spectively. Patient characteristics across TSAT and ferritin com-
binations are depicted in Supplementary data, Table S1.

The mean PCS and MCS scores for this population were 41
and 45, respectively. Means for PCS and the physical subdomains
of the KDQOL-36 tended to be progressively lower at lower
TSAT levels. In contrast, MCS and mental component subdo-
mains varied much less across TSAT levels (Table 2). Relatively

small differences were seen in mean PCS and MCS scores across
ferritin categories. Descriptives for other PROs are shown in
Table 2.

Patients with TSAT�15% had a �1.8 (95% CI �3.1 to
�0.5) adjusted mean difference in PCS and a �0.7 (95% CI
�2.2–0.7) mean difference in MCS compared with patients
with TSAT>20–30% (Figure 1). Patients with ferritin
�300 ng/mL had a �1.3 (95% CI �2.4 to �0.3) mean differ-
ence for PCS and 0.2 (95% CI �1.0–1.5) for MCS compared
with the reference ferritin group of 100–299 ng/mL, while those
with ferritin <50 ng/mL had a �1.1 (95% CI �2.4–0.1) mean
difference for PCS and 0.0 (95% CI �1.4–1.4) for MCS (Figure
1). Adjustment for Hb only slightly attenuated the observed ef-
fect sizes. Furthermore, similar results were seen in subgroup
analyses stratified according to CKD stage, including for

Table 1. Patient characteristics by TSAT and ferritin levels

TSAT (%) Ferritin (ng/mL)

Characteristics �15 >15–20 >20–30 >30–50 >50 <50 50–99 100–299 �300 All

Patients, n (%) 356 (14) 469 (19) 1065 (42) 580 (23) 43 (2%) 336 (13) 572 (23) 1156 (46) 449 (18) 2513
Age (years), mean 6 SD 68 6 12 67 6 13 68 6 13 66 6 14 62 6 15 66 6 14 67 6 13 68 6 13 67 6 14 67 6 13
Sex (male), % 53 59 63 68 64 49 59 64 68 62
Race (Black), % 9 7 6 7 15 6 5 6 11 7
BMI (kg/m2), mean 6 SD 30 6 7 30 6 7 29 6 6 28 6 6 27 6 5 29 6 7 29 6 7 29 6 6 29 6 6 29 6 6
Current smoker, % 14 11 9 13 17 11 11 12 10 11
Comorbidities, %

Diabetes 56 51 43 33 35 53 44 42 40 44
Hypertension 94 92 92 87 76 91 89 92 90 91
Coronary artery disease 31 32 25 21 21 29 31 23 26 26
HF 20 18 13 10 9 15 14 12 17 14
Cerebrovascular disease 13 12 11 10 5 14 11 11 11 11
Peripheral vascular disease 26 24 21 17 13 21 22 21 21 21
Other cardiovascular disease 33 25 26 24 10 27 25 25 29 26
Gastrointestinal bleeding 2 1 1 1 0 2 1 1 2 1
Lung disease 14 14 9 8 8 10 11 11 10 11
Cancer 20 19 22 20 24 18 21 21 20 21
Neurologic disease 3 2 3 4 3 2 2 3 4 3
Psychiatric disorder 11 12 9 12 6 10 11 10 10 10
Ulcers/gangrene of extremity 3 3 2 2 0 2 3 2 3 2

Prescriptions, %
ESA 12 10 9 12 22 7 7 10 18 10
IV iron 5 3 2 2 7 2 2 3 5 3
Oral iron 23 19 12 12 27 14 14 14 20 15
Any iron 27 21 13 13 31 16 15 16 22 17

Labs, mean 6 SD
TSAT 12 6 3 18 6 1 25 6 3 37 6 5 61 6 11 20 6 10 23 6 9 26 6 9 29 6 12 25 6 10
Ferritin (ng/mL) 135 6 175 161 6 186 200 6 195 239 6 213 407 6 419 31 6 11 74 6 15 177 6 55 527 6 282 196 6 206
Hb (g/dL) 11.8 6 1.8 12.4 6 1.6 12.8 6 1.8 13.1 6 1.9 12.3 6 2.5 12.6 6 1.7 12.8 6 1.8 12.8 6 1.8 12.2 6 1.9 12.6 6 1.8
eGFR (mL/min/1.7 m2) 30 6 12 30 6 11 30 6 12 31 6 12 30 6 13 32 6 11 31 6 12 30 6 12 29 6 12 30 6 12

Albuminuria, %
A1 29 26 27 32 20 30 27 29 27 28
A2 29 32 31 28 40 30 31 29 33 30
A3 43 42 42 40 40 41 43 42 40 42

Serum albumin (g/dL), mean 6 SD 3.9 6 0.5 4.0 6 0.4 4.0 6 0.4 4.0 6 0.4 4.0 6 0.4 4.0 6 0.4 4.0 6 0.5 4.0 6 0.4 4.0 6 0.4 4.0 6 0.4
White blood cells (103 cells/mm3), mean 6 SD 7.6 6 2.5 7.3 6 2.1 6.9 6 1.9 6.7 6 1.8 7.2 6 2.9 7.2 6 1.9 7.0 6 2.1 7.0 6 2.0 7.1 6 2.3 7.0 6 2.1
Platelets (103 cells/mm3), mean 6 SD 239 6 78 228 6 67 222 6 62 217 6 60 220 6 69 240 6 66 224 6 64 224 6 66 214 6 62 224 6 65
Systolic blood pressure (mmHg), mean 6 SD 140 6 20 141 6 21 142 6 21 140 6 19 138 6 19 139 6 20 141 6 22 142 6 19 140 6 20 141 6 20
Diastolic blood pressure (mmHg), mean 6 SD 75 6 12 77 6 12 78 6 12 78 6 11 78 6 10 76 6 12 78 6 12 78 6 12 77 6 11 77 6 12

Patients are from France (n¼ 2015), the USA (n¼ 293) and Brazil (n¼ 205). A1: albuminuria <30 mg/g creatinine; A2: albuminuria <300 mg/g creatinine; A3: albuminuria >300 mg/
g creatinine.
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patients with Stage 3 versus Stages 4 and 5 CKD, for those pre-
scribed versus not prescribed iron treatment and for those with
Hb�11.5 versus<11.5 g/dL.

We further investigated the relationship of outcomes with
joint categories of TSAT and ferritin. Individuals with
TSAT�20% and ferritin <50 ng/dL had a �2.3 lower PCS
(95% CI �3.9 to �0.8) compared with those having
TSAT>20–30% and ferritin 50–299 ng/mL (reference group).
Moreover, those with TSAT�20% and ferritin �300 ng/mL
had even lower PCS scores [�3.6 (95% CI �5.7 to �1.6)].
Consistently, adjustment for Hb resulted in only a small or no
attenuation in the effect sizes for both PCS and MCS (Figure 2).

Analyses of the KDQOL-36 kidney domains showed that,
compared with those with TSAT>20–30%, patients with
TSAT<15% had worse HRQoL for effects of kidney disease,
while mean differences for symptoms and burden were smaller
between groups (Supplementary data, Figure S2). Regarding
ferritin, only small differences were seen in the mean values for
these domains (Supplementary data, Figure S2). Investigation
of the subdomains of PCS and MCS revealed modest associa-
tions for physical-related HRQoL subdomains in relationship
to TSAT and ferritin levels (Supplementary data, Figure S3).
For TSAT, the subdomain scores of general health, pain, physi-
cal function and energy were consistently lower for persons
with TSAT<20% (Supplementary data, Figure S3). For ferritin,
overall, both higher and lower levels were associated with worse
subdomain scores, particularly for physical function, physical
role and pain (Supplementary data, Figure S4). Consistent with
findings for mental domains, there was little difference
in mean CES-D levels across TSAT and ferritin categories
(Supplementary data, Figure S5).

For functional status, the difference in probability of having
at least one impairment was similar across TSAT categories,

while patients with ferritin >300 ng/mL had a higher risk of
functional dependency (Figure 3). Considering the joint expo-
sure of TSAT and ferritin, patients with TSAT<20% and ferri-
tin >300 ng/mL had a 15 percentage point (95% CI 4.6–25.3)
higher probability of having impairment compared with
patients with TSAT>20–30% and ferritin 50–299 ng/mL. Effect
sizes were not materially changed by adjustment for Hb
(Supplementary data, Table S2). For self-reported physical ac-
tivity, patients with TSAT<20% had a lower probability of rou-
tinely performing intense physical activity compared with those
with TSAT>20–30%. For ferritin, there was little difference in
the probability of self-reported physical activity (Figure 3).

D I S C U S S I O N

In this observational study using data derived from a multina-
tional study in patients with moderate to advanced CKD, low
TSAT and combinations of low TSAT with high and low ferri-
tin were associated with worse PROs, particularly for physical
domains of HRQoL. Importantly, these associations were not
materially affected by the adjustment for Hb levels and were
consistent among subgroups of anemic versus nonanemic indi-
viduals, suggesting that the observed effect (whether biologically
causal or not) is direct rather than mediated through Hb. To
the best of the authors’ knowledge, this is the first evidence sug-
gesting that serum biomarkers of iron stores are associated with
worse PROs among individuals with NDD-CKD.

In our study we assumed patients with TSAT<20% and fer-
ritin >300 ng/mL would be representative of functional ID
(iron restriction), while TSAT<20% and ferritin <50 ng/mL
represented the absolute ID subtype (iron depletion); we con-
sidered the fact that the exact cutoffs for such definitions have
been highly debated and have demonstrated great variability

Table 2. PROs by TSAT and ferritin levels

TSAT (%) Ferritin (ng/mL)

Characteristics �15 >15–20 >20–30 >30–50 >50 <50 50–99 100–299 �300 All

Patients, n (%) 356 (14) 469 (19) 1065 (42) 580 (23) 43 (2) 336 (13) 572 (23) 1156 (46) 449 (18) 2513
KDQOL-36, mean 6 SD
MCS 44 6 11 44 6 11 45 6 11 46 6 11 45 6 11 44 6 11 45 6 11 45 6 11 45 6 11 45 6 11
PCS 37 6 10 40 6 10 41 6 10 42 6 10 41 6 10 39 6 10 41 6 11 41 6 10 40 6 11 41 6 10

General health 40 6 25 44 6 23 48 6 24 49 6 24 42 6 24 43 6 24 46 6 24 48 6 23 46 6 24 46 6 24
Physical function 49 6 35 56 6 33 61 6 34 62 6 33 62 6 33 53 6 33 59 6 34 61 6 34 56 6 35 59 6 34
Physical role 45 6 31 49 6 30 55 6 31 58 6 30 55 6 31 49 6 30 53 6 30 55 6 31 51 6 32 53 6 31
Emotional role 55 6 32 57 6 31 62 6 30 63 6 30 58 6 30 57 6 30 61 6 30 61 6 31 60 6 32 60 6 31
Pain 55 6 30 60 6 29 64 6 30 67 6 29 63 6 28 59 6 29 63 6 30 64 6 30 62 6 30 63 6 30
Emotional well-being 62 6 22 64 6 22 65 6 21 67 6 21 67 6 18 62 6 22 65 6 21 65 6 21 67 6 21 65 6 21
Energy 36 6 25 42 6 25 44 6 26 45 6 25 46 6 24 40 6 25 42 6 25 44 6 25 43 6 26 43 6 25
Social function 66 6 29 68 6 27 70 6 28 70 6 29 66 6 29 68 6 29 69 6 28 69 6 28 68 6 28 69 6 28

Burden of kidney disease, mean 6 SD 69 6 27 72 6 25 73 6 25 74 6 25 71 6 28 70 6 26 74 6 24 73 6 25 71 6 27 73 6 25
Symptoms of kidney disease, mean 6 SD 72 6 17 74 6 16 76 6 16 78 6 16 75 6 16 73 6 17 75 6 17 77 6 16 75 6 17 76 6 17
Effects of kidney disease, mean 6 SD 76 6 21 79 6 20 81 6 18 83 6 17 79 6 18 81 6 18 80 6 19 81 6 18 80 6 19 81 6 19
Other PROs
Physical activity level,%

Low 53 54 48 44 53 49 49 49 51 49
Moderate 27 23 23 27 26 27 24 24 23 24
Intense 19 22 29 29 21 24 27 27 26 27

CES-D 10 score, mean 6 SD 9 6 6 8 6 5 8 6 5 7 6 5 8 6 5 8 6 5 8 6 5 8 6 5 8 6 5 8 6 5
Highest functional status,% 41 45 49 51 64 45 47 50 44 48

Symptoms of kidney disease are based on USA and French data. Physical activity results based on only French data.
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FIGURE 1: Mean differences in PCS and MCS by TSAT and ferritin levels with and without adjustment for Hb. Models were adjusted for
country, age, sex, Black race, BMI, current smoker, eGFR, albuminuria, serum albumin, white blood cell count, diabetes, hypertension, ath-
erosclerotic cardiovascular disease score, congestive HF, other cardiovascular diseases, gastrointestinal bleeding, lung disease, cancer,
ulcers/gangrene and ESAs. Additionally, models with TSAT exposure were adjusted for ferritin, and vice versa.

FIGURE 2: Mean differences in PCS and MCS by combined TSAT/ferritin categories, with and without adjustment for Hb. Models were
adjusted for country, age, sex, Black race, BMI, current smoker, eGFR, albuminuria, serum albumin, white blood cell count, diabetes, hyper-
tension, atherosclerotic cardiovascular disease score, congestive HF, other cardiovascular diseases, gastrointestinal bleeding, lung disease,
cancer, ulcers/gangrene and ESAs.
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across medical specialties [29]. To guide our choice of cutoffs in
the spectrum of ID phenotypes, we used ranges defined for the
HF population, in which well-designed RCTs have shown that
iron supplementation for patients with iron depletion improves
cardiovascular outcomes. In particular, we assumed patients
with TSAT�20% and ferritin <50 ng/mL are more likely iron
depleted, considering the mean values of those parameters in
the aforementioned HF trials. For the upper range of ferritin we
assumed patients with ferritin >300 ng/mL, which is the maxi-
mum range for inclusion in these trials, would most likely re-
flect iron restriction rather than depletion [13, 30]. Our
findings show that patients with lower TSAT were more likely
to have more comorbidities, including diabetes and cardiovas-
cular diseases, and were more likely to be prescribed iron treat-
ment, mostly oral formulations. Consistent with previous
CKDopps data, eGFR was similar across TSAT categories, while
higher ferritin was correlated with lower eGFR, which may be a
result of the progressive inflammatory phenotype observed in
more advanced CKD [9]. This is also consistent with the obser-
vation that, in the present analysis, functional ID was higher
among those with more advanced CKD, which confirms find-
ings in previous cohort studies [14].

In an analysis of a previous cohort study [14, 15], ID was as-
sociated with higher mortality risk among NDD-CKD patients.
In particular, patients with functional ID tended to have a
slightly higher risk of mortality and cardiovascular events com-
pared with those with absolute ID [14, 15]. Although this could
be driven by underlying comorbidities contributing to the re-
lease of hepcidin and independently causing worse outcomes, it
remains possible that in such iron-restricted states due to

inflammation, tissue ID as a result of a mismatch between iron
supply and demand may impact cell function, in a similar con-
dition as in absolute ID [31]. At a cellular level in nonerythro-
poietic tissues, the impact of an unmet need for iron in such
hepcidin-induced restriction remains to be studied. In spite of
these considerations, whether treatment of ID, either with or
without anemia, improves clinical outcomes among NDD-
CKD patients remains unknown. In other populations with
chronic diseases associated with inflammatory phenotypes,
such as HF, treatment of ID improves physiological surrogates,
such as ejection fraction and functional measures, as well as
PROs and cardiovascular events independent from anemia sta-
tus, as demonstrated by clinical trials [13, 29, 32, 33]. The po-
tential mechanisms by which reestablishing iron stores could
improve outcomes in such patients, independent of its erythro-
poietic effects, are highlighted by the concept of tissue ID, given
that iron is essential for the synthesis of many enzymes for cell
energy metabolism, including mitochondrial electron transport
chain components [2, 34]. Further studies are needed to clarify
the clinical relevance of this concept.

The main finding of our study was the consistent association
between serum biomarkers of iron stores and PROs, particularly
those related to physical domains. Lower TSAT was associated
with worse PCS scores, with small effect estimates sustained
even after adjustment for Hb. Among subdomains of the
KDQOL-36, lower TSAT was associated with worse physical
HRQoL, specifically for general health, physical role, physical
function and energy, with mean differences as high as 5 points,
which could translate into clinically important differences
(CIDs), according to studies in patients with CKD anemia and

FIGURE 3: Mean differences in the probability (%) of highest functional status and intense physical activity by TSAT and ferritin levels
with and without adjustment for Hb. Models were adjusted for country, age, sex, Black race, BMI, current smoker, eGFR, albuminuria, se-
rum albumin, white blood cell count, diabetes, hypertension, atherosclerotic cardiovascular disease score, congestive HF, other cardiovascu-
lar diseases, gastrointestinal bleeding, lung disease, cancer, ulcers/gangrene and ESAs. Additionally, models with TSAT exposure were
adjusted for ferritin, and vice versa.
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consistent with previous Dialysis Outcomes and Practice
Patterns Study (DOPPS) analyses [35, 36]. Accordingly, patients
with lower TSAT were less likely to perform higher-intensity
physical activity captured by the GPAQ, which further reinfor-
ces the potential impact of tissue ID on muscle and physical
function, as has been extensively studied in HF patients [11, 37].
Compared with TSAT, ferritin displayed a more J-shaped pat-
tern of associations with physical HRQoL, with both higher and
lower ferritin levels associated with worse PROs. Importantly,
patients with higher ferritin may have restricted iron availability
via hepcidin-mediated pathways [5], characterizing functional
ID. In fact, we found that the subgroup of patients with high fer-
ritin and low TSAT had generally worse physical PROs com-
pared with absolute ID persons. Notably, higher ferritin levels
were strongly associated with a higher risk of having impair-
ment of daily living activities. Our analyses showed that this ef-
fect was driven primarily by those patients who also had a
TSAT <20%, with a 15% higher probability of worse function-
ality in this subgroup compared with those with TSAT of 20–
30% and ferritin 50–299 ng/mL. Consistently these effect esti-
mates remained after adjustment for Hb, which suggests that,
potentially, functional ID has a potential role in worse func-
tional status, which may be the long-term clinical consequence
of physical dysfunction and restricted physical activity in the
course of CKD [26]. Whether new approaches tackling func-
tional ID could slow the progression of physical impairment to
restricted functionality in NDD-CKD is currently unknown.

On the other hand, our effect estimates for mental domains
were generally neutral for TSAT, ferritin and the joint TSAT–
ferritin exposures. Self-reported depressive symptoms were sim-
ilar across exposure categories, as well as mental subdomains in
the KDQOL-36. In particular, the only MCS subdomain that
showed associations with iron parameters was energy, which
has been shown to be particularly associated with CKD anemia
[38]. These results further reinforce the hypothesis that ID has a
primary impact on physical function, probably through tissue
ID mainly affecting energy metabolism in muscle tissues, which
could explain the major benefits of iron treatment in physical
function in patients with comorbidities such as HF [13, 39].

Our subgroup analyses did not suggest any effect modifi-
cation on these outcomes by CKD stage, anemia or iron treat-
ment. Generally we defined our approach following a set
of assumptions about the causal structure of iron status, Hb
and PROs. We assumed Hb would be a potential mediator
of the associations between iron parameters and PROs.
Therefore, in our study design, we did not include Hb
data preceding the measurement of TSAT/ferritin. Also,
we defined at least two sets of fully adjusted models for con-
founders, one including Hb and another without it, providing
comparisons of the effect estimates after adjusting for the
potential mediator variable. Under these assumptions, our
results suggest that the associations we report are directly
driven from ID. Interventional studies are needed to confirm
these assumptions.

Our study has limitations. Due to the observational nature
of our study, we cannot rule out residual confounding for the
associations we provided. Moreover, due to exclusion of

patients who did not complete PRO questionnaires in our sam-
ple, we cannot rule out selection bias in our analysis, which may
affect the external validity of our estimates. The results of our
exploratory analysis of the SF-12 subscales should be inter-
preted cautiously, given that several subdomains are defined by
single items, which can limit the validity of the estimates. Our
results for these subdomains are purely exploratory and new
studies are needed to confirm our findings. Although most of
our effect estimates for the KDQOL-36 scale could be consid-
ered to be only modest under traditional ranges for CID, it is
important to consider that methods for determining CIDs can
vary according to the disease state, potential intervention and
patient population [40, 41]. Potential improvements in PROs,
even modest in magnitude, achieved by low-cost or highly
available interventions could translate into important popula-
tion benefits. The modest associations between KDQOL-36
scales and serum markers of iron stores shown here could be
used to pursue and plan clinical trials evaluating the efficacy of
iron supplementation on PROs. Moreover, we decided not to
define our exposures strictly according to guideline-defined cut-
offs for ID [3], as these are generally arbitrary and vary consid-
erably both within nephrology and across different specialties
[29]. Therefore the sample prevalence of patients with both low
TSAT with low ferritin and low TSAT with high ferritin were
relatively low (8 and 4%, respectively). In addition, whether cur-
rent guideline-based targets for iron-deficiency anemia man-
agement are also appropriate for correcting ID in isolation is
still uncertain. Our sample was mainly composed of patients
from France, which may limit the external validity of our find-
ings. Also, the analysis of the physical activity component was
restricted to only the French cohort. Finally, we used a single
measurement of serum biomarkers of iron stores to define the
exposure in our analysis, and although we recognize the varia-
tion in those biomarkers and the impact of treatment over time,
the infrequent monitoring of iron stores [9] and the intense var-
iability in treatment patterns observed in a previous analysis of
our cohort [42] makes the longitudinal approach to the analysis
unfeasible. On the other hand, our results are consistent with
robust evidence from the HF population, which is supported by
well-designed observational studies and also RCTs. Finally, our
findings are consistent across distinct PRO instruments with
similar dimensions, reflecting a broad impact of ID on physical
aspects of HRQoL.

Our study provides new insights for potential strategies to
improve PROs in NDD-CKD care. Iron treatments are widely
available and safe, and ID is highly prevalent among patients
with CKD [9]. It will be important to design intervention stud-
ies to analyze the hypothesis raised by our observation (and
supported by trials in HF [13, 33]) that treating ID, even in the
absence of anemia, may improve the perception of physical
function, the capacity to execute physical activities and, impor-
tantly, the ability to perform daily activities.

In conclusion, low TSAT, as well as both low and high ferri-
tin levels, is associated with worse physical HRQoL in NDD-
CKD patients, even after adjustment or stratification by Hb
level. RCTs addressing the potential impact of iron replacement
therapies on the HRQoL of NDD-CKD individuals with and
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without anemia are needed to confirm the associations ob-
served in this cohort.
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