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A B S T R A C T

Kidney transplant recipients (KTRs) experience more fatigue, anxiety, and depressive

symptoms and lower concentration and health-related quality of life (HRQoL) compared

with the general population. Anemia is a potential cause that is well-recognized and treated.

Iron deficiency, however, is often unrecognized, despite its potential detrimental effects

related to and unrelated to anemia. We investigated the interplay of anemia, iron deficiency,

and patient-reported outcomes in 814 outpatient KTRs (62% male, age 56 � 13 years)

enrolled in the TransplantLines Biobank and Cohort Study (Groningen, The Netherlands). In

total, 28% had iron deficiency (ie, transferrin saturation < 20% and ferritin < 100 μg/L), and
29% had anemia (World Health Organization criteria). In linear regression analyses, iron

deficiency, but not anemia, was associated with more fatigue, worse concentration, lower
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depressive symptoms

wellbeing
wellbeing, more anxiety, more depressive symptoms, and lower HRQoL, independent of

age, sex, estimated glomerular filtration rate, anemia, and other potential confounders. In

the fully adjusted logistic regression models, iron deficiency was associated with an esti-

mated 53% higher risk of severe fatigue, a 100% higher risk of major depressive symptoms,

and a 51% higher chance of being at risk for sick leave/work disability. Clinical trials are

needed to investigate the effect of iron deficiency correction on patient-reported outcomes

and HRQoL in KTRs.
1. Introduction

In recent decades, a growing number of patients have been
living with a kidney transplant for increasing periods of time, owing
to improvements in graft and patient survival after transplantation.1

Consequently, life after transplantation—beyond graft and patient
survival—has become more important, and the topic receives
increasing scientific attention. Unfortunately, KTRs have more
psychosocial symptoms, including fatigue, anxiety, and depressive
symptoms, compared with the general population.2 As a result,
health-related quality of life (HRQoL) in kidney transplant recipients
(KTRs) remains impaired compared with the general population.2,3

Therefore, there is a need for interventions to improve these
patient-reported outcomes (PROs) after kidney transplantation.

An important cause of these impaired PROs and HRQoL in
KTRs is anemia.4,5 Anemia in KTRs is highly prevalent and is
associated with poor clinical outcomes in this patient population.6,7

Amain causeofanemia is irondeficiency. Irondeficiency inKTRs is
multifactorial, determined by combinations of systemic low-grade
inflammation that impairs iron absorption and drives iron toward
the intracellular compartment, increased erythropoiesis after
transplantation, and use ofmedications, eg, anticoagulants leading
to blood loss and proton pump inhibitors decreasing iron absorp-
tion.8 In recent years, the consequences of iron deficiency beyond
anemia have been increasingly acknowledged, as iron fulfills
myriad functions besides fueling erythropoiesis. For example, iron
is crucial for muscle, brain, and cardiovascular health.9-11 Hence,
iron deficiency may be a promising target, even in the absence of
anemia, to improve PROs and HRQoL among KTRs.5,9 However,
Wong et al12 showed that iron deficiency is currently often dis-
regarded—or even unrecognized—in current nephrology practice,
even though it can be safely and effectively treated in KTRs.13-15

Due to the lack of epidemiological support, iron status assessment
in the absence of anemia is currently not explicitly endorsed in
treatment guidelines.5,16 More research on this topic is warranted,
as highlighted by a recent Kidney Disease: Improving Global Out-
comes (KDIGO) statement, which defined studies addressing the
interplay between anemia, iron status, and HRQoL as a research
priority.5

We hypothesized that iron deficiency is associated with
PROs, including individual strength, fatigue, wellbeing, anxiety,
depression, and HRQoL, independent of coexisting anemia. In
the current study, we therefore investigated the associations of
iron deficiency with PROs, including HRQoL, in KTRs, taking into
account the potential confounding andmediating roles of anemia.
2

2. Materials and Methods

This study was written in accordance with the guidelines for
Strengthening the Reporting of Observational studies in Epide-
miology.17 The Strengthening the Reporting of Observational
studies in Epidemiology checklist is provided in Supplementary
Table 1.

2.1. Study population

For this study, we used cross-sectional data from the Trans-
plantLines Biobank and Cohort Study (ClinicalTrials.gov identi-
fier: NCT03272841).18 This ongoing, single-center, prospective
cohort study aims to provide a better understanding of
disease-related and aging-related outcomes and health prob-
lems, both physical and psychological, in solid organ transplant
recipients and living organ donors. From June 2015 on, all po-
tential solid organ transplantation patients and living donors (age
�18 years) of the University Medical Center Groningen (The
Netherlands) were invited to participate. The study complies with
the University Medical Center Groningen Biobank Regulations,
was approved by the local institutional review board (METc
2014/017), and conforms to the declarations of Helsinki and
Istanbul. All participants were at least 18 years old at the time of
enrollment and provided written informed consent.

For the current analyses, approval was obtained from the
Transplantlines Scientific Committee, thereby adhering to the
local ethical regulations. We included outpatient KTRs (�1 year
posttransplant) with available iron status parameters (assessed
from April 2016 onward) and a complete HRQoL assessment.
Data extraction occurred in June 2021. All patients were included
only when they had no known ongoing infections, graft rejections,
or hospitalizations.

2.2. Outcome definitions

Psychosocial factors that were included were individual
strength attributes, wellbeing, anxiety, and symptoms of
depression. Individual strength was assessed using the Check-
list of Individual Strength 20 Revised (CIS20R), resulting in a
fatigue severity, concentration, motivation, physical activity, and
total score.19,20 Fatigue severity was categorized as no-mild
(score < 20), moderate (score 20-34), and severe (score �
35). A score > 76 on the total Checklist of Individual Strength 20
Revised-score is regarded as being “at risk” for sick leave or
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work disability.21 Wellbeing was assessed using theWorld Health
Organization-Five; a score � 50 is indicative of poor wellbeing.22

Symptoms of anxiety were investigated using the 6-item
State-Trait Anxiety Inventory, applying a cut-off score of � 40 to
define the presence of anxiety.23 Finally, depression was
assessed using the Patient Health Questionnaire-9; a Patient
Health Questionnaire-9 score � 10 is indicative of major
depressive symptoms (sensitivity and specificity of 88% for major
depression).24 HRQoL was assessed using validated Dutch
translations of the Short Form 36 (SF-36) and EuroQol
Five-Dimensions 3-level (EQ5D-3L) questionnaires.25-28 For the
SF-36, the physical component score was calculated using the
mean scores on general health, physical health, role limitations
due to impairment of physical health, and pain. The mental
component score was calculated using the mean scores on
emotional wellbeing, role limitations due to emotional problems,
social functioning, and vitality. For the EQ5D-3L, the Dutch value
set was used to calculate the utility (EQ5D-3L) score.29 Ques-
tionnaires were sent a maximum of 4 weeks prior to the study
visit.
2.3. Exposures and covariables

Exposures and covariables were assessed at the time of the
study visit, which was considered baseline. In primary analyses,
iron deficiency was defined as proposed by KDIGO, the Euro-
pean Renal Best Practice Group, and the National Institute for
Health and Care Excellence NG8 guidelines (ie, both transferrin
saturation [TSAT] levels < 20% and ferritin levels < 100 μg/
L).5,30,31 In sensitivity analyses, we repeated the analyses
regarding associations with HRQoL using an alternative iron
deficiency definition of both TSAT levels < 20% and ferritin levels
< 300 μg/L, which was previously used in KTRs.32,33 Anemia
was defined as a hemoglobin level < 13 g/dL (for males) or < 12
g/dL (for females) according to the World Health Organization
and KDIGO definitions.34,35 Assessment of iron status and he-
moglobin level was protocolized in patients enrolled in this pro-
spective cohort study, limiting the risk of confounding by
indication.

Clinical and transplant-related parameters were retrieved from
patient medical files. Medication use was retrieved from patient
medical files and verified with the patients during a study visit.
Smoking status and alcohol use were retrieved using question-
naires. Laboratory parameters were assessed using routine
laboratory techniques (Roche, Basel, Switzerland). The esti-
mated glomerular filtration rate (eGFR) was calculated using the
2009 creatinine-based CKD-EPI formula.36
2.4. Statistical analyses

Data were analyzed using SPSS software version 23.0, R
3.5.2, and GraphPad Prism. Differences between two groups
were assessed using independent sample t-tests, Mann-Whitney
U tests, and Chi-squared tests. Differences between the three
groups were assessed using one-way analysis of variance,
Kruskal–Wallis tests, and Chi-squared tests.
3

Associations of iron deficiency and anemia with psychosocial
symptoms and parameters of HRQoL were assessed using
multinominal regression analyses for ordinal variables, logistic
regression analyses for dichotomous variables, and linear
regression analyses for continuous variables (with or without log2
transformation). After univariable analyses, analyses were
adjusted for predefined potential confounders, including age,
sex, eGFR, and time since transplantation in model 1, and
additionally for diabetes, preemptive transplantation, living donor,
history of rejection, C-reactive protein, and for variables that were
significantly different between patients with and without iron
deficiency, including calcineurin inhibitor use, angiotensin re-
ceptor blocker use, and angiotensin-converting enzyme inhibitor
use in model 2. In model 3, we additionally adjusted for proton
pump inhibitor use. Finally, anemia and/or iron deficiency were
added to the models to assess whether the observed associa-
tions of iron deficiency or anemia were independent of each
other.

Potential effect modification by age, sex, hemoglobin levels,
and anemia was assessed by adding interaction terms to all
presented regression models, but was not observed.

All models fulfilled the assumptions of linear regression. There
were no missing data in any of the covariables included in the
models. Results of linear regression are presented in standard
deviation (SD) differences, which represent the standardized
betas, indicating the number of SDs the dependent variable dif-
fers with the increase of one standard deviation in continuous
variables or one unit increase for nominal variables. In all ana-
lyses, a two-sided P-value < .05 was considered statistically
significant.

2.5. Sensitivity analyses

In sensitivity analyses, all linear regression analyses were
repeated with hemoglobin on a continuous scale instead of
anemia and with an alternative definition of iron deficiency (ie,
ferritin levels < 300 μg/L and TSAT levels < 20%) as previously
used in KTRs,32,33 instead of iron deficiency. In addition, sub-
group analyses were performed after the exclusion of KTRs with
iron supplementation and/or the use of erythropoietin-stimulating
agents (ESAs).

3. Results

3.1. Baseline characteristics

A diagram visualizing the flow of participants through the
study is provided in Figure 1. Participants excluded because of
unmeasured iron status were included sooner posttransplant,
more frequently used calcineurin inhibitors (CNIs), and less
frequently used proton pump inhibitors (PPIs). In addition, sub-
jects who were excluded for lacking HRQoL data more often used
PPIs, less often underwent preemptive and living donor kidney
transplantation, and had lower hemoglobin levels compared with
included patients (Supplementary Table 2). In total, 814 KTRs
(62% male, age 56 � 13 years, 95% White) were included, at
median age of 3 (interquartile range: 1-10) years after



Figure 1. Patient flowchart visualizing patient selection from the
TransplantLines Biobank and Cohort Study.
HRQoL, health-related quality of life; KTRs, kidney transplant recipients.
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transplantation. In total, 229 (28%) KTRs had iron deficiency and
237 (29%) were anemic, among whom 84 (10%) had both iron
deficiency and anemia (Fig. 2).

KTRs with iron deficiency were included more recently after
transplantation compared to KTRs without iron deficiency (1 [1-7]
vs 4 [1-11] years, P <.001). In addition, they more frequently had
anemia (37% vs 26%, P ¼ .004), diabetes (33% vs 25%, P ¼
.031), and received a preemptive (45% vs 34%, P ¼ .007) and
living transplantation (62% vs 54%, P ¼ .034). Moreover, KTRs
with iron deficiency more frequently used CNIs (90% vs 80%, P¼
Figure 2. Venn diagram showing proportions of patients with anemia
and/or iron deficiency.
Iron deficiency was defined as proposed by Kidney Disease: Improving
Global Outcomes (KDIGO), the European Renal Best Practice Group,
and the National Institute for Health and Care Excellence NG8 guidelines
(ie, both transferrin saturation [TSAT] levels <20% and ferritin levels <

100 μg/L).4-6 Anemia was defined as a hemoglobin level < 13 g/dL (for
males) or <12 g/dL (for females) according to the World health Orga-
nization and KDIGO definitions.2,3
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.001) and PPIs (79% vs 66%, P <.001), and less frequently used
angiotensin receptor blockers (12% vs 18%, P ¼ .001). Detailed
baseline characteristics and PROs, stratified by iron status, are
presented in the Table and Supplementary Table 3.

3.2. Association of iron deficiency and anemia with
psychosocial symptoms

In total, 33% without iron deficiency and 35% with iron defi-
ciency had mild to moderate fatigue, while 31% without iron
deficiency and 35% with iron deficiency experienced severe fa-
tigue. Additionally, 31% without iron deficiency and 38% with iron
deficiency were at risk for sick leave/work disability; 17% without
iron deficiency and 21% with iron deficiency had poor wellbeing;
23% without iron deficiency and 30% with iron deficiency re-
ported anxiety symptoms; and 6% without iron deficiency and
12% without iron deficiency had major depressive symptoms.
Furthermore, KTRs without iron deficiency had better concen-
tration than those with iron deficiency (scores: 12 � 6 vs 15 � 8).
In (multinominal) logistic regression analyses adjusted for age,
sex, eGFR, time since transplantation, diabetes, preemptive
transplantation, living donor, history of rejection, C-reactive pro-
tein, and use of CNIs, angiotensin receptor blockers, and
angiotensin-converting enzyme inhibitors, iron deficiency was
independently associated with an increased risk of severe fatigue
(odds ratio [OR]severe fatigue 1.66, 95% confidence interval [CI]
1.10-2.51, P ¼.016), being at risk for sick leave or work disability
(OR 1.62, 95% CI 1.15-2.29, P ¼ .006), anxiety symptoms (OR
1.51, 95% CI 1.04-2.18, P ¼ .028) and major depressive symp-
toms (OR 2.14, 95% CI 1.21-3.77, P ¼ .009), as presented in
model 2 in Supplementary Tables 4 and 5. To assess an asso-
ciation with concentration, we conducted linear regression ana-
lyses using concentration data on a continuous scale because of
a lack of established cut-off scores. Analyses adjusted for the
same variables revealed that iron deficiency was independently
associated with a lower ability to concentrate (SD difference 0.27,
95% CI 0.11-0.42, P < .001), as presented in Supplementary
Table 6. This table also shows the results of the previously re-
ported outcomes on a continuous scale. After additional adjust-
ment for PPI use and anemia, the associations of iron deficiency
with severe fatigue, being at risk for sick leave or work disability,
major depressive symptoms, and concentration remained
materially unchanged, while associations with anxiety lost sta-
tistical significance (P ¼ .058).

In contrast to iron deficiency, anemia was not associated with
any of these outcomes, with point estimates markedly lower than
iron deficiency (Pfinal model > .7 for all). No statistically significant
association with poor wellbeing was observed for either iron
deficiency or anemia, although point estimates for iron deficiency
were numerically higher than those for anemia. The results of the
fully adjusted models are presented in Figure 3.

3.3. Associations of iron deficiency and anemia with
HRQoL

The mean physical and mental component scores of KTRs
without iron deficiency and with iron deficiency were 70 � 22



Table
Baseline characteristics according to strata of iron status.

Characteristics No iron deficiency Iron deficiency P-value

Number of study subjects, n (%) 585 (72) 229 (28)

Demographics

Male sex, n (%) 358 (61) 143 (62) .8

Age, y 56 � 13 56 � 14 .9

White, n (%) 558 (95) 221 (97) .6

Body mass index, kg/m2 27 � 5 27 � 4 .6

Educational level, n (%) .6

Low 226 (39) 89 (39)

Medium 199 (34) 84 (37)

High 153 (27) 53 (24)

Anemia, n (%) 153 (26) 84 (37) .004

Diabetes, n (%) 146 (25) 75 (33) .031

Time after transplantation, y 4 [1 to 11] 1 [1 to 7] < .001

Preemptive transplantation, n (%) 199 (34) 102 (45) .007

Living donor, n (%) 313 (54) 142 (62) .034

History of rejection, n (%) 97 (17) 20 (9) .006

Smoking status, n (%) .5

Never smoked, n (%) 287 (49) 108 (47)

Past smoker, n (%) 221 (38) 96 (42)

Active smoker, n (%) 77 (13) 25 (11)

Alcohol consumption, n (%) .2

None 221 (38) 101 (44)

< 7 units/wk 237 (41) 86 (38)

< 7 units/wk 127 (22) 42 (18)

Partnered, n (%) 460 (79) 177 (77) .7

Employed*, n (%) 256 (59) 82 (50) .077

Money shortage, n (%) 68 (13.1) 32 (14.9) .6

Number of symptoms after Tx, n 6 [3 to 11] 7 [2 to 11] .7

Laboratory blood levels measurements

Hemoglobin, g/dL 13.6 � 1.8 13.4 � 1.8 .063

C-reactive protein, mg/L 1.8 [0.7 to 4.1] 2.2 [0.8 to 6.0] .057

Plasma albumin, g/dL 4.4 � 0.3 4.4 � 0.3 .9

eGFR, mL/min/1.73m2 51 �18 55 � 18 .011

Plasma iron, μmol/L 16 � 5 9 � 3 < .001

Ferritin, μg/L 129 [72 to 225] 33 [21 to 51] < .001

Transferrin saturation, % 28 � 9 13 � 4 < .001

Medication use

Prednisolone, n (%) 567 (97) 227 (99) 0.1

Calcineurin inhibitor, n (%) 465 (80) 205 (90) .001

(continued on next page)
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Table (continued )

Characteristics No iron deficiency Iron deficiency P-value

Proliferation inhibitor, n (%) 507 (87) 201 (88) 0.8

mTOR inhibitor, n (%) 21 (4) 7 (3) 0.9

Iron supplements, n (%) 46 (8) 17 (7) .054

Angiotensin receptor blockers, n (%) 103 (18) 27 (12) .001

ACE inhibitors, n (%) 149 (25) 32 (14) .9

Erythropoietin-stimulating agents, n (%) 14 (2) 4 (2) .8

Proton pump inhibitors, n (%) 397 (66) 181 (79) < .001

Data are presented as mean � standard deviation, median [interquartile range], or number (valid%).
The significance of differences between groups is assessed using independent t-tests, Mann-Whitney U tests, and Chi Square tests, depending on the data distribution.
Data regarding educational level and money shortage are missing for 5 (0.6%) and 80 (10%) participants, respectively.
ACE, angiotensin-converting enzyme; eGFR, estimated glomerular filtration rate; mTOR, mammalian target of rapamycin.
Iron deficiency was defined as proposed by Kidney Disease: Improving Global Outcomes (KDIGO), the European Renal Best Practice Group, and the National Institute
for Health and Care Excellence NG8 guidelines (ie, both transferrin saturation [TSAT] levels < 20% and ferritin levels < 100 μg/L).4-6

Anemia was defined as a hemoglobin level < 13 g/dL (for males) or < 12 g/dL (for females) according to the World health Organization and KDIGO definitions.2,3

* only assessed among nonretired participants (N ¼ 602).

Figure 3. Associations of iron deficiency and anemia with
psychosocial symptoms.
Results are adjusted for age, sex, estimated glomerular
filtration rate and time since transplantation, diabetes, pre-
emptive transplantation, living donor, history of rejection, C-
reactive protein, calcineurin inhibitor, angiotensin receptor
blocker, angiotensin-converting enzyme inhibitor use, proton
pump inhibitors use, and iron deficiency (in case of anemia)
or anemia (in case of iron deficiency). Abbreviations: CI,
confidence interval. Iron deficiency was defined as proposed
by Kidney Disease: Improving Global Outcomes (KDIGO),
the European Renal Best Practice Group, and the National
Institute for Health and Care Excellence NG8 guidelines (ie,
both transferrin saturation [TSAT] levels < 20% and ferritin
levels < 100 μg/L).4-6 Anemia was defined as a hemoglobin
level < 13 g/dL (for males) or < 12 g/dL (for females) ac-
cording to World health Organization and KDIGO
definitions.2,3
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vs 67 � 22 and 77 � 18 vs 74 � 19, respectively. Following a
visual analog scale, KTRs without iron deficiency rated their
health status higher than KTRs with iron deficiency (75 � 14 vs
73 � 16) on a scale from 0 to 100. The utility (EQ5D-3L) score
was higher among those without iron deficiency compared with
those with iron deficiency (0.87 � 0.16 vs 0.85 � 0.18), and
both groups showed similar yet slightly higher utility scores
compared with previous studies in kidney transplant re-
cipients.37 In linear regression analyses adjusted for potential
confounders, iron deficiency was independently associated
with lower physical component score (SD difference �0.21,
95% CI �0.35 to �0.06, P ¼ .006), mental component score
(SD difference �0.19, 95% CI �0.35 to �0.04, P ¼ .013),
health status assessed using a visual analog scale (SD
6

difference �0.23, 95% CI �0.38 to �0.08, P ¼ .004), and lower
health status derived from the utility (EQ5D-3L) score (SD
difference �0.20, 95% CI �0.36 to �0.05, P ¼ .010). All as-
sociations remained materially unchanged after additional
adjustment for PPIs and anemia. Again, no association of
anemia with those outcomes were observed (P ¼ .4, P ¼ 1.0, P
¼ 0.6, and P ¼ .2 in the final model, respectively), as presented
in Supplementary Table 7. To enhance understanding of the
clinical significance of these effect sizes, the full model is
detailed in Supplementary Table 8 and Figure 4, which allow
for comparison of the association of iron deficiency on HRQoL
relative to other factors. Notably, the magnitude of the asso-
ciation of iron deficiency with the HRQoL parameters is high
compared with most other assessed associations.



-0.6 -0.4 -0.2 0.0 0.2 0.4

eGFR
Anemia

ACE inhibitors
Age

Angiotensin receptor blockers
History of rejection

Non-preemptive transplantation
Deceased donor

Log C-reactive protein
Iron deficiency

Log time since transplantation
Calcineurin inhibitor use

Diabetes mellitus
Female sex

Proton pump inhibitors

SD difference

P

Physical component score

Anemia

Iron deficiency

-0.6 -0.4 -0.2 0.0 0.2 0.4

Anemia
ACE inhibitors

eGFR
Age

Log C-reactive protein
History of rejection

Deceased donor
Non-preemptive transplantation

Angiotensin receptor blockers
Log time since transplantation

Diabetes mellitus
Iron deficiency

Calcineurin inhibitor use
Proton pump inhibitors

Female sex

SD difference

P

Mental component score

Anemia

Iron deficiency

-0.6 -0.4 -0.2 0.0 0.2 0.4

Age
eGFR

Log C-reactive protein
ACE inhibitors

Anemia
Non-preemptive transplantation

Angiotensin receptor blockers
Log time since transplantation 

Deceased donor
Iron deficiency

History of rejection
Diabetes mellitus

Female sex
Proton pump inhibitors

Calcineurin inhibitor use

SD difference

P

Utility index

Anemia

Iron deficiency

-0.6 -0.4 -0.2 0.0 0.2 0.4

Age
Anemia

eGFR
ACE inhibitors

Log C-reactive protein
Angiotensin receptor blockers

Deceased donor
History of rejection

Non-preemptive transplantation
Female sex

Calcineurin inhibitor use
Log time since transplantation 

Iron deficiency
Diabetes mellitus

Proton pump inhibitors

SD difference

P

Health status VAS score

Iron deficiency

Anemia

Figure 4. Final model of multivariable linear regression analyses with physical and mental component scores.
Results from linear regression are presented as the standard deviation (SD) difference, indicating how many SDs the dependent variables differ when
anemia or iron deficiency is present. Results are adjusted for age, sex, estimated glomerular filtration rate and time since transplantation, diabetes,
preemptive transplantation, living donor, history of rejection, C-reactive protein, calcineurin inhibitor, angiotensin receptor blocker, angiotensin-
converting enzyme inhibitor use, proton pump inhibitor use, and iron deficiency (in case of anemia) or anemia (in case of iron deficiency). Iron defi-
ciency was defined as proposed by Kidney Disease: Improving Global Outcomes (KDIGO), the European Renal Best Practice Group, and the National
Institute for Health and Care Excellence NG8 guidelines (ie, both transferrin saturation [TSAT] level < 20% and ferritin level < 100 μg/L).4-6 Anemia was
defined as hemoglobin level < 13 g/dL (for males) or < 12 g/dL (for females) according to the World health Organization and KDIGO definitions.2,3.
ACE, angiotensin-converting enzyme; eGFR, estimated glomerular filtration rate; VAS, visual analog scale.

D. Kremer et al. American Journal of Transplantation xxx (xxxx) xxx
Furthermore, we assessed associations with subdomains of
HRQoL, derived from the SF-36 questionnaire. Here, iron defi-
ciency was independently associated with lower general health
(SD difference �0.24, 95% CI �0.39 to �0.08, P ¼ .002), vitality
(SD difference �0.17, 95% CI �0.32 to �0.01, P ¼ .035), and
emotional wellbeing (SD difference �0.25, 95% CI �0.41 to
�0.09, P ¼ .002) in the final model. Anemia was only associated
with the subdomain general health (SD difference�0.16, 95% CI
�0.32 to �0.01, P ¼ .039), as presented in Supplementary
Table 9.

3.4. Effect modification

No interaction of sex and age was present for the associations
of iron deficiency with the assessed outcomes. In addition, there
was no significant interaction of anemia or hemoglobin with these
associations, further suggesting that the associations found with
iron deficiency did not vary depending on anemia status or he-
moglobin level.
7

3.5. Sensitivity analyses with hemoglobin levels

Sensitivity analyses with hemoglobin levels on a continuous
scale instead of anemia yielded similar results compared to the
primary analyses. Of all outcomes, hemoglobin was only signif-
icantly associated with physical component score in the final
models adjusted for iron deficiency (SD difference 0.08, 95% CI
0.01 to 0.16, P ¼ .024). Importantly, the associations between
iron deficiency and outcomes remained materially unchanged
after additional adjustment for hemoglobin instead of anemia
(Supplementary Tables 10-12).

3.6. Sensitivity analyses with an alternative definition of
iron deficiency

Sensitivity analyses with an alternative definition of iron defi-
ciency also yielded results that were generally similar to the re-
sults of the primary analyses. In total, 284 (35%) KTRs met the
criteria for the alternative iron deficiency definition. Similar to the
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primary analyses, the alternative definition of iron deficiency was
associated with the risk of sick leave or work disability, anxiety
symptoms, major depressive symptoms, and health status
assessed using a visual analog scale in the final model (Pfinal

model < .05). The associations with all PROs generally remained
similar using these alternative iron deficiency definitions
compared with the primary analyses, but associations with anx-
iety, major depressive symptoms, and utility were notably stron-
ger, while the associations with physical and mental component
scores were numerically slightly weaker when applying the
alternative definition (Supplementary Tables 10-12).
3.7. Sensitivity analyses in subgroups

In subgroup analyses after exclusion of KTRs with iron sup-
plementation, iron deficiency was markedly more strongly
associated with severe fatigue (P ¼ .012), major depressive
symptoms (P ¼ .002), physical component score (P ¼ .009),
mental component score (P ¼ .014), and impaired health status
(P ¼ .036). Most other associations remained generally compa-
rable to primary analyses.

Similar results were obtained in analyses after the exclusion
of KTRs with the use of ESAs, or both ESAs and iron (Supple-
mentary Tables 13-15).

4. Discussion

This study shows that iron deficiency but not anemia was
associated with more fatigue, worse concentration, more anxiety,
higher risks of major depressive symptoms and sick leave, and
lower physical and mental component scores of HRQoL in
models including both conditions. In the fully adjusted models,
iron deficiency was associated with an estimated 53% higher risk
of severe fatigue, a 100% higher risk of major depressive
symptoms, and a 51% higher chance of being at risk for sick
leave/work disability. These associations were generally stronger
in sensitivity analyses with the exclusion of patients on iron
supplementation. Associations were generally slightly weaker
using an alternative definition of iron deficiency, which supports
the definition proposed in current guidelines that was used in the
primary analyses (ie, both TSAT levels < 20% and ferritin levels
< 100 μg/L).

Life after kidney transplantation keeps growing in importance
as a result of the increasing numbers of patients living with a
kidney graft. Although increasing scientific attention is being paid
to the subject, psychosocial symptoms, including fatigue, anxiety,
and depressive symptoms remain highly prevalent in KTRs.2

Moreover, HRQoL in KTRs remains impaired compared with the
general population.2,3 There are no targeted therapies to improve
these PROs. Considering the key roles that iron plays in muscle
(eg, for myoglobin production and mitochondrial function), brain
(eg, for myelin formation and neurotransmitter synthesis), and
cardiovascular health (eg, for the contractility of car-
diomyocytes)9-11, and the high prevalence of iron deficiency in
8

KTRs,8 we hypothesized that iron status is a promising target to
improve PROs and HRQoL.

Thus far, epidemiological support for this notion has been
lacking in KTRs. The current study shows that iron deficiency is
robustly associated with more fatigue, worse concentration, more
anxiety, higher risks of major depressive symptoms and sick
leave, and lower physical and mental component scores of
HRQoL in KTRs. These observations put forward iron deficiency,
independent of anemia, as a promising potential modifiable
target to improve PROs in KTRs. Notably, the associations of iron
deficiency with psychosocial symptoms and lower HRQoL
remained, whereas the associations of anemia with these pa-
rameters were abrogated in a model encompassing both condi-
tions. Effect modification analyses showed no interaction of
hemoglobin on the associations, further supporting that iron
deficiency is associated with psychosocial symptoms and lower
HRQoL regardless of hemoglobin level.

Symptoms can result in functional limitations and lower
HRQoL.38 First, we assessed whether iron deficiency is associ-
ated with psychosocial symptoms. The independent, consistent
associations of iron deficiency with more fatigue, worse con-
centration, more anxiety, higher risks of major depressive
symptoms, and sick leave are novel, yet in line with previous
studies supporting the multiple effects that iron deficiency may
have on mental and physical symptoms.39,40 The observational
design of this study does not allow for drawing causal conclu-
sions. However, the potential importance of the associations of
iron deficiency with psychosocial symptoms is further supported
by the consistent associations of iron deficiency with physical
and mental component scores of HRQoL.

The associations of iron deficiency with lower HRQoL are in
line with observations in other populations, such as in patients
with heart failure.41 The associations of iron deficiency with lower
HRQoL identified in patients with heart failure were the reason for
subsequent randomized clinical trials, which confirmed rapid yet
long-lasting improvements in HRQoL after treatment with intra-
venous ferric carboxymaltose.42-44 Similar beneficial treatment
effects of iron deficiency correction on HRQoL were observed in
a trial among heart transplant recipients.45 Importantly, the im-
provements in HRQoL observed in these trials were independent
of the presence of concomitant anemia.43-45 In addition, a large
proportion of the participants in these trials had chronic kidney
disease, which appeared not to adversely affect the benefit of
intravenous iron supplementation on HRQoL. These findings,
combined with observations from our current study, raise the
suggestion that correction of iron deficiency, regardless of he-
moglobin levels, may improve PROs and HRQoL in KTRs.
Clearly, this hypothesis will have to be tested in interventional
studies, as conclusions about causality cannot be drawn from the
current observational study. Other observational study designs,
such as studies applying, eg, propensity scores, may be
considered in the future. However, ultimately, we need clinical
trials to investigate the effect of iron deficiency correction on
PROs and HRQoL in KTRs.
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In current nephrological practice, iron status is primarily
assessed in the context of coexisting anemia. Exemplary of this
current practice is that, in the United States, iron status is
assessed in 53% of patients with relatively low hemoglobin levels
(group mean: 9.1 g/dL), compared to iron status assessment in
only 14% of patients with relatively high hemoglobin levels (group
mean: 13.4 g/dL).12 Our study results suggest that clinicians may
also consider assessing iron deficiency, regardless of coexisting
anemia, particularly in the context of improving psychosocial
symptoms and HRQoL in KTRs. This hypothesis may be
particularly relevant in KTRs, given their altered iron homeosta-
sis.8 Indeed, next to sex, use of CNIs, and diabetes, the asso-
ciation of iron deficiency with physical and mental component
scores of HRQoL showed the largest magnitude among all
assessed independent variables. This notion, alongside the mere
magnitude of the associations with iron deficiency, highlights the
clinical relevance of iron deficiency and the hypothetical effect
size of iron deficiency correction.

The major strength of this study is the unique availability of
clinical and psychometric data in a large population of KTRs. This
availability allows for the identification of associations between
clinical parameters and PROs, which may help identify potential
targets to improve HRQoL. Thus far, this topic remains under-
represented in the transplant literature, and there is a lack of
targets to improve PROs. The results of the current study are
encouraging and put forward iron status as a potential target for
improvement. Moreover, the extensive availability of phenotypical
data allowed us to adjust for potential confounders. In addition,
extensive sensitivity analyses were performed, in which the as-
sociation of iron deficiency with HRQoL was robust and inde-
pendent of hemoglobin level. Additionally, the magnitudes of the
association between iron deficiency and HRQoL were larger and
larger after the exclusion of KTRs with iron supplementation and/
or the use of ESAs, in line with the hypothesis.

We also acknowledge several study limitations. The study
population was predominantly White, derived from a single Eu-
ropean center, which calls for prudence to extrapolate these re-
sults to other populations. Moreover, patients with iron deficiency
differed from those without iron deficiency. Although the
observed associations between iron deficiency and the PROs
remained fundamentally unchanged upon adjustment for the
variables that differed significantly at baseline, residual con-
founding cannot be excluded. Moreover, a proportion of the
population had to be excluded, mainly because of the unavail-
ability of data on HRQoL. Indeed, an imperfect response rate is
inherent to PRO data in large cohorts.46-48 The obtained
response rate of 79% is excellent compared with other studies on
PROs.46-48 However, the excluded population differed from the
included population in certain aspects. We adjusted for the var-
iables that differed between included and excluded subjects in all
regression analyses, which did not materially change the results.
While this is reassuring regarding the validity of our findings,
selection bias may still be present. Moreover, despite extensive
adjustments and sensitivity analyses, no causality can be
attributed to the current study because of the observational,
cross-sectional study design. Finally, although iron deficiency
9

was consistently associated with worse PROs, intervention
studies are needed to confirm that the observed differences are
of such magnitude that patients experience improvements upon
iron deficiency correction.

In conclusion, the current study shows the potential clinical
importance of iron deficiency for PROs, including HRQoL in
KTRs, independent of hemoglobin levels or the presence of
anemia. The observed effect sizes for the associations of iron
deficiency with PROs evoke interest and shed light on the po-
tential impact that iron deficiency may have on KTRs, regardless
of coexisting anemia. These results pave the way for interven-
tional studies investigating the effects of iron deficiency correc-
tion with iron therapy on PROs, including HRQoL in KTRs.
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