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Abstract

Patients with high serum ferritin and low transferrin saturation (TSAT) levels could be con-

sidered as presenting with dysutilization of iron for erythropoiesis. However, the long-term

safety of iron administration in these patients has not been well established. An observa-

tional multicenter study was performed over 3 years. In 805 patients undergoing mainte-

nance hemodialysis (MHD), we defined dysutilization of iron for erythropoiesis in patients

with lower TSAT (<20%) and higher ferritin (�100 ng/mL) levels. A time-dependent Cox

hazard model was used for the evaluation of the association between dysutilization of iron

for erythropoiesis and adverse events and survival. Patients with low TSAT levels showed

an increased risk of cerebrovascular and cardiovascular disease (CCVD) and death com-

pared to patients with normal or higher TSAT levels. Patients with low ferritin and high TSAT

levels had a significantly lower risk of CCVD and death compared with patients with high fer-

ritin and low TSAT levels. Higher TSAT levels were associated with male gender, age, the

absence of diabetes, low levels of high-sensitivity CRP, and low β2 microglobulin levels, but

not with intravenous iron administration or ferritin levels. Although patients with low TSAT

levels had a significantly higher risk of CCVD or death, high TSAT levels were not linked

with iron administration. Patients, who were suspected of dysutilization of iron for erythropoi-

esis, had a higher risk of CCVD and death. The administration of iron should be performed

cautiously for improving TSAT levels, as iron administration could sustain TSAT levels for a

short term.
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Introduction

Currently, several international guidelines [1,2] regarding the treatment of anemia with

chronic kidney disease have recommended ferritin and TSAT as indexes of iron status, as

well as markers for the initiation and cessation of iron supplementation in CKD patients.

The serum ferritin level is a widely used peripheral iron biomarker. It is thought to be corre-

lated with iron stores in the absence of inflammation, while serum ferritin levels are reflected

by the iron storage with the amplification of inflammation. Then, low serum ferritin levels

generally indicate absolute? iron deficiency accurately. Transferrin saturation (TSAT), the

ratio of serum iron to total iron-binding capacity, is also considered an important biochemi-

cal marker of overall bodily iron status, which can be used to monitor response to ESA

(erythropoiesis-stimulating agent) and/or iron therapy in CKD [3]. Despite its valuable clini-

cal utility, several limitations can affect the ability of TSAT to accurately reflect body iron

states [3]. Serum iron levels fluctuate diurnally and can change acutely depending on dietary

iron intake. Furthermore, in the case of inflammation, serum iron levels rapidly decrease by

the sequestration of iron in macrophages. Thus, low TSAT levels can reflect not only iron

deficiency but also inflammatory and nutritional conditions. Both low ferritin and low TSAT

levels reflect an absolute iron deficiency. On the other hand, patients with high ferritin and

TSAT levels were suspected of dysutilization of iron for erythropoiesis. The dysutilization of

iron for erythropoiesis is a state in which there is insufficient iron incorporation into ery-

throid precursors in the face of apparently adequate body iron stores [4]. This condition is

seen in patients with infectious diseases, chronic inflammation, chronic heart disease,

chronic kidney disease, and malignant disease [5,6]. The Dialysis Patients Response to IV

Iron with Elevated Ferritin (DRIVE) study reported the efficacy of intravenous iron adminis-

tration in the improvement of Hb levels in MHD patients who had ferritin levels of 500–1200

ng/mL and TSAT levels under 25%, i.e., in those who were suspected of dysutilization of iron

for erythropoiesis [7]. Moreover, a recent meta-analysis based on 34 studies involving a total

of 2,658 MHD patients demonstrated that administration of intravenous iron to patients

with serum ferritin levels >200 ng/mL with or without a TSAT <30% could effectively

improve anemia in these patients [8]. From the results of these studies, it is possible that iron

administration in patients with dysutilization of iron might increase Hb levels, even though

they store excess iron. However, the long-term effectiveness and safety of continuous iron

administration in these patients were not confirmed in these studies. Therefore, in this study,

we investigated the potential role of TSAT levels, as well as the relationship between the dysu-

tilization of iron for erythropoiesis and adverse events and/or survival, in maintenance

hemodialysis (MHD) patients.

Materials and methods

Study design

In the present study, we reanalyzed data from the prospective treatment for renal anemia on

prognosis in hemodialysis patients (TRAP) study, which revealed an association between ferri-

tin or Hb level fluctuations and adverse events in MHD patients. The design and methods of

the TRAP study have been previously reported [9]. Briefly, the TRAP study design was a pro-

spective, multicenter observational study. The duration of the study was three years, which

was performed in Japan since June 2007. The anticipated trial start date was April 2007, and

Last follow-up date was April 2014.
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Patients

Patients who were on MHD were recruited for this study. Patients who had received MHD for

<1 year, patients older than 75 years, patients with chronic inflammation, malignancy, hema-

tological disorders, or severe liver dysfunction, and patients who had received anti-inflamma-

tory drugs or immunosuppressive agents were excluded from this study (Fig 1). The protocol

was approved in accordance with the ethical principles outlined in the 1975 Declaration of

Helsinki as revised in 2013 by the Ethics Review Board of the Hyogo College of Medicine

(approval number 419). Written informed consent was obtained from all patients. The study

was registered with the University Hospital Medical Information Network (UMIN) Clinical

Trial Registry (UMIN000000687).

Measurements

The blood levels of Hb, ferritin, iron, total iron binding capacity (TIBC), β2-microglobulin

(β2-MG), creatinine (Cr), total protein (TP), albumin, total cholesterol (T-CHO), low-density

lipoprotein cholesterol (LDL-CHO), triglycerides (TG), calcium, and phosphate were mea-

sured every 3 months. Doses of erythropoiesis-stimulating agents (ESA) and iron were evalu-

ated during the study period. The blood levels of high-sensitivity C-reactive protein (CRP) and

intact-parathyroid hormone (int-PTH) were also measured every six months. TSAT was calcu-

lated with the following formula: iron / TIBC x 100.

Fig 1. Flow diagram of the progress of this study.

https://doi.org/10.1371/journal.pone.0236277.g001
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TSAT fluctuation patterns

Patients were divided into the following 6 categories based on TSAT fluctuation patterns: (1)

Target TSAT group: within the target TSAT range (20–30%), (2) Low TSAT group: consis-

tently below the target TSAT range, (3) High TSAT group: consistently above the target TSAT

range, (4) LAH-TSAT group: low-amplitude fluctuation around the upper limit of the target

TSAT range (30%), (5) LAL-TSAT group: low-amplitude fluctuation around the lower limit of

the target TSAT range (20%), and (6) HA-TSAT group: high-amplitude fluctuation across the

target-TSAT range.

Ferritin and TSAT categories

The 2006 Kidney Disease Outcome Quality Initiative (KDOQI) proposed criteria for absolute

iron deficiency that included patients with ferritin levels under 100 ng/mL and TSAT levels

under 20% [10]. Thus, we divided patients into the following 4 groups according to serum fer-

ritin and TSAT levels: (1) low ferritin (<100 ng/mL) and low TSAT (<20%) group, (2) low fer-

ritin and high TSAT (�20%) group, (3) high ferritin (�100 ng/mL) and low TSAT group, and

(4) high ferritin and high TSAT group.

Definition of adverse events

Adverse events were diagnosed by physicians in each facility. Congestive heart failure and

ischemic heart disease (e.g., angina or acute myocardial infarction) were defined as cardiovas-

cular disease, and cerebral infarction and cerebral hemorrhage were defined as cerebrovascular

disease. Cardiovascular disease was diagnosed by electrocardiogram, blood biochemistry test-

ing or cardiac ultrasound. Cerebral infarction or cerebral hemorrhage were diagnosed by com-

puter tomography or magnetic resonance imaging.

Analysis

The determinants of TSAT and the relationship between fluctuation patterns of TSAT

and adverse events. To analyze the determinants of higher TSAT levels, we utilized stepwise

multiple linear regression analysis. Furthermore, to evaluate the relationship between variance

patterns of TSAT and adverse events, a time-dependent proportional hazard model was

employed that used each event as the dependent variable and the fluctuation patterns of TSAT

as independent variables. We classified the variation patterns of TSAT using the preceding

three years of data as the evaluation point for each patient, which were defined as covariates

because these factors change with time. To analyze the correlation between fluctuation pat-

terns of TSAT and adverse events, forward selection was used to choose covariates from the

following adjustment factors: age, sex, time on HD treatment, with or without DM (diabetes

mellitus), with or without CVD, levels of creatinine, β2-MG, ferritin, Hb, BMI (body mass

index), hCRP, albumin, int-PTH, and dosage of ESA.

Comparison of clinical parameters among various TSAT levels. We compared serum

β2-MG, hCRP, Cr, and albumin levels among TSAT groups (<20, 20–29, 30–39, 40�) by

mixed-model multiple pairwise comparisons test with Bonferroni correction. We further com-

pared TSAT levels between groups with or without iron administration. We compared TSAT

levels between patients with or without intravenous iron administration past three months by

mixed-model multiple pairwise comparisons test with Bonferroni correction.

The relationship between ferritin levels, TSAT categories and adverse events. To evalu-

ate the relationship between ferritin levels, TSAT categories and adverse events, a time-depen-

dent proportional hazard model was also employed using each event as the dependent
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variable, and the ferritin levels and TSAT categories as independent variables. The data were

adjusted based on age, sex, time on HD treatment, presence or absence of DM, presence or

absence of CVD, levels of albumin, creatinine, β2-MG, BMI, int-PTH, Hb, hCRP, and dosage

of ESA.

Statistical analyses were performed using SPSS version 18.0 software (IBM, Inc., Chicago,

IL, USA) and R ver. 2.13.0 (R Core Team (2011). R is a language and operating environment

for statistical computing available from the R Foundation for Statistical Computing, Vienna,

Austria. URL http://www.R-project.org/), and MedCalc ver. 12.7.7 (MedCalc Software, Ost-

end, Belgium) was also used for analysis.

Results

Baseline characteristics of patients

The mean age of the study patients was 61.8±9.9 years old, and 60.3% were male. The percent-

age of patients with DM was 33.7%, the mean time of dialysis was 106±101 months, and the

mean dose of ESA was 3212 ±2107 (IU/Week). The percentage of patients treated with intrave-

nous iron was 20.8%. The mean levels of Hb, ferritin, TSAT, albumin, and int-PTH were 10.6

±1.0 g/dL, 78.5±48.3 ng/mL, 26.7±11.7%, 3.7±0.3 g/dL, and 124 ±88.6 pg/mL, respectively. All

patients were treated with epoetin α or β. ESA or IV iron administration was performed

according to the 2008 Japanese Society for Dialysis Therapy: Guidelines for Renal Anemia in

Chronic Kidney Disease [11].

The relationship between TSAT levels and adverse events in MHD patients

In a time-dependent Cox hazard model, compared to those with low (� 20%) TSAT levels,

patients with target (20–30%) TSAT levels had significantly lower risks for cerebrovascular

and cardiovascular disease (CCVD) (HR: 0.25, P = 0.035), and patients with higher (�30%)

TSAT level had a significantly lower risk of death (HR: 0.12, P = 0.009) (Fig 2).

Predictors of high TSAT levels in MHD patients

In multivariate logistic regression analysis, male patients (β-coefficient 0.567, P = 0.028), youn-

ger patients (β-coefficient 0.036, P = 0.011), patients without diabetes (β-coefficient 0.748,

P = 0.02), patients with low hCRP levels (β-coefficient 0.46, P = 0.001), and patients with low

β2-MG (β-coefficient 0.666, P = 0.001) levels were identified as significant predictors of high

TSAT levels, although intravenous iron administration or ferritin levels were not (Table 1).

Patients were divided into 4 groups according to their TSAT level (<20, 20–29, 30–39, 40%�)

at the start of the study. Serum β2-MG and hCRP levels in patients with TSAT levels of 20–

39% were significantly lower than those in patients with TSAT levels <20%. There was no sig-

nificant difference in the serum Cr and albumin levels among the 4 groups (Fig 3). Further-

more, there was no significant difference in TSAT levels between patients treated with

intravenous iron (in the past 3 months) and patients without intravenous iron administration

during the study period (Fig 4).

The relationship between ferritin or TSAT categories and adverse events in

MHD patients

Compared with low ferritin (<100 ng/mL) and high TSAT (�20%) patients, patients with

high ferritin (�100 ng/mL) and low TSAT (<20%) (HR: 4.45, p<0.001) and with high ferritin

(�100 ng/mL) and high TSAT (�20%) (HR: 2.98, p<0.001) had a significantly higher risk of

CCVD. Patients with high ferritin levels (�100 ng/mL) and low TSAT (<20%) had a
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Fig 2. The relationship between TSAT levels and adverse events in MHD patients. Target: within the target TSAT range (20–30%). L:

Low: consistently below the target TSAT range. LAL: Low-amplitude fluctuation around the lower limit of the target TSAT range. H,

High: consistently above the target TSAT range. LAH, LAH-TSAT group: low-amplitude fluctuation around the upper limit of the target

TSAT range. H, HA: high-amplitude fluctuation across the target-TSAT range. CCVD: cerebrovascular and cardiovascular disease.

Composite events: CCVD, infection, hospitalization, and death.

https://doi.org/10.1371/journal.pone.0236277.g002

Table 1. Predictors for higher TSAT (�20%) levels in MHD patients (stepwise multiple linear regression

analysis).

Independent variables β-coefficient SEM P-value

Female -0.567 0.257 0.028

Age -0.036 0.14 0.011

DM -0.748 0.246 0.02

hCRP -0.46 0.091 0.001

β2MG -0.066 0.02 0.001

Dependent variables: Sex, age, duration of dialysis, DM, CVD � Hb � ferritin � BMI � albumin � hCRP � int-PTH �

creatinine � β2MG � Dose of ESA � Dose of intravenous iron.

https://doi.org/10.1371/journal.pone.0236277.t001
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significantly higher risk of death (HR: 5.8, p<0.001) compared to patients with low ferritin

and high TSAT. Moreover, patients with low ferritin and high TSAT had a significantly lower

risk for composite events than patients in the high ferritin and low TSAT group (HR: 1.78,

p = 0.011) and the high ferritin and high TSAT group (HR: 1.35, p = 0.037) (Fig 5).

Discussion

TSAT and adverse events in MHD patients

It is well-established that serum iron levels can fluctuate dramatically depending on dietary

iron intake or patient condition. Serum iron has further been identified as a variable causing

fluctuations of TSAT. Therefore, to investigate the relationship between TSAT and adverse

events in MHD patients, an evaluation that considered the fluctuation patterns was needed. In

this study, we found that, in comparison to patients with low TSAT (� 20%) values, patients

with target TSAT (20–30%) levels were at a significantly lower risk of developing CCVD, and

patients with higher TSAT (�30%) levels further had a significantly lower risk of death. More-

over, patients with higher TSAT values in various groups (i.e., LAH, HA and H) had a lower

risk of death and composite events. These results are consistent with the results of previous

studies. In the general population, both low (<24%) and high (>40%) TSAT ratios are signifi-

cantly and independently associated with increased all-cause and cardiovascular-specific mor-

tality [12]. Similarly, H.M. Koo et al. reported that both low (�20%) and high (40%) TSAT

levels in HD patients were associated with a higher risk for all-cause and cardiovascular mor-

tality death [13]. From these reports and the results of our own study, we hypothesized that

maintenance of higher TSAT levels via iron administration in patients with low TSAT level

might contribute to the improvement of overall mortality and/or decrease the risk of adverse

events in MHD patients. However, in this study, patient gender, age, comorbidities (e.g.,

Fig 3. Comparison of clinical parameters among patients with various TSAT levels. There was no significant difference in the serum

Cr and albumin levels among TSAT groups. On the other hand, serum β2-MG and hCRP levels in patients with TSAT levels under 20%

were significantly higher than in patients with TSAT levels of 20–29 and 30–39%. ❋: p<0.05, Data represent means ± SD.

https://doi.org/10.1371/journal.pone.0236277.g003
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Fig 4. Comparison of TSAT levels between patients receiving or not receiving intravenous iron administration. During the

observational period, there was no significant difference in TSAT levels between patients treated with intravenous iron in the past three

months and those without this treatment. ●: patients not treated with intravenous iron, ▲: patients treated with intravenous iron. Data

represent means ± SD.

https://doi.org/10.1371/journal.pone.0236277.g004

Fig 5. The relationship between ferritin levels, TSAT categories, and adverse events. CCVD: cerebrovascular and cardiovascular

disease. Composite events: CCVD, infection, hospitalization, and death.

https://doi.org/10.1371/journal.pone.0236277.g005
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diabetes), hCRP level, and β2-MG levels were identified as significant predictors of TSAT lev-

els in MHD patients, whereas the dosage of intravenous iron or iron storage (e.g., serum ferri-

tin levels) were not identified as such. Furthermore, there was no significant difference in

TSAT levels between patients who did or did not receive intravenous iron for more than 3

months. From these results, we that normal or higher TSAT levels, which were associated

with a lower risk of adverse events or death in MHD patients, were primarily regulated by

clinical conditions in MHD patients and were not necessarily achieved via intravenous iron

supplementation. On the other hand, as Fig 4 indicates, patients with absolute iron deficiency

(both low ferritin and low TSAT levels) needed IV iron to maintain the target Hb or TSAT

level. Previous guidelines associated with iron deficiency [4] have reported that, because of

poor sensitivity and specificity in the detection of responsiveness to parenteral iron therapy

in CKD patients, isolated TSAT levels are not recommended as an index for determining the

initiation of iron administration. Therefore, it is possible that although low TSAT levels can

predict anemia, adverse events and survival in MHD patients, iron administration based on

low TSAT levels alone does not necessarily decrease the risk of adverse events or premature

death.

Iron utilization for erythropoiesis and adverse events in HMD patients

In this study, we also found that patients with high ferritin and low TSAT levels showed a sig-

nificantly higher risk of CCVD and all-cause mortality. This result indicated that among MHD

patients, patients with dysutalization of iron for erythropoiesis show a greater risk for adverse

events or death. High serum ferritin with low TSAT levels may imply a condition of iron

sequestration. Partial blockade of iron transport to erythroid marrow occurs in several clinical

conditions, such as anemia of chronic disease [14]. Hepcidin exerts its iron-regulatory effects

by binding to the transmembrane iron exporter ferroportin, causing cellular ferroportin inter-

nalization and degradation that subsequently decreases the iron available for heme/hemoglo-

bin synthesis in erythroid cells [15]. Moreover, it has been reported that hepcidin may

contribute to anemia in association with inflammation not only through effects on iron metab-

olism but also through inhibition of erythroid progenitor proliferation and survival [16].

Although we did not evaluate hepcidin levels in this study, we have previously reported that

serum hepcidin levels in MHD patient are significantly higher than those of healthy volunteers,

and serum hepcidin in these patients was closely associated with serum ferritin levels [17].

Moreover, elevated serum hepcidin levels in chronic kidney disease patients (not on dialysis)

with<TSAT 20% and ferritin levels�40 ng/mL have been reported [18]. Therefore, it is possi-

ble that serum hepcidin levels in patients with dysutalization iron for erythropoiesis might be

higher than in other patient groups. Recently, several studies have reported an association

between overexpression of hepcidin and cardiovascular disease. Li JJ et al. showed that expres-

sion of hepcidin was closely associated with the upregulation of atherosclerotic plaque forma-

tion and plaque instability [19]. We also previously identified an association between higher

serum hepcidin levels and increased pulse wave velocity (PWV), which indicates vascular stiff-

ness [20]. Furthermore, an observational study performed on 405 MHD patients for 3 years

reported that higher serum hepcidin levels were significantly associated with a higher risk for

cardiovascular disease-related death [21]. Although hepcidin is not toxic itself, overexpression

of hepcidin might cause iron sequestration in several cells and tissues or dysutilization of iron

for erythropoiesis. From our results and previous studies, overexpression of hepcidin in

patients with dysutilization of iron for erythropoiesis might cause higher risks of adverse

events or premature death in these patients.
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Iron administration in patients with dysutalization of iron for

erythropoiesis

In this study, we also found that patients with high TSAT levels and high ferritin levels had a

significantly higher risk of death than other patient groups. The Drive study [7] reported that

iron administration in patients with dysutilization of iron for erythropoiesis might attenuate

the responsiveness to ESA and increase Hb levels. However, we have previously reported that,

among patients with hyporesponsiveness to ESA and patients with higher ferritin level (>100

ng/mL), those treated with higher doses of intravenous iron showed a higher risk of composite

events (e.g., CCVD, infection, hospitalization, and death) [18]. We recently demonstrated that

a high risk of death and/or adverse events was associated with a consistently high ferritin level,

large fluctuations in ferritin levels and high doses of intravenous iron [9] in MHD patients.

Moreover, a nationwide Japanese registry-based cohort study also reported that the risk of all-

cause death increased along with increased serum ferritin levels in MHD patients [22]. From

the results of our study and previous studies, we hypothesize that the additional administration

of iron in patients with dysutilization of iron for erythropoiesis increases iron stores and

induces the overexpression of hepcidin, which is associated with a higher risk of adverse events

and premature death in these patients.

Conclusion

Patients with low TSAT levels had a significantly higher risk of CCVD and death. High TSAT

levels were associated with the clinical and demographic background of MHD patients

(including patient gender, age, inflammatory conditions, and comorbidities) but not with iron

administration or iron storage. Patients with low ferritin (<100 ng/mL) and low TSAT

(<20%) levels were not at a significantly increased risk of adverse events or death. On the

other hand, patients with high ferritin (�100 ng/mL) and low TSAT (<20%) levels, who were

suspected as presenting dysutilization of iron for erythropoiesis had a higher risk of CCVD

and death. From these results, the administration of iron should be approached with caution

in patients who present with dysutilization of iron for erythropoiesis. Further prospective ran-

domized control studies are needed to validate these findings and whether iron administration

could increase TSAT for long-term period and improve the prognosis.
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