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Abstract
Background
Iron-based phosphate binders are widely used in hemodialysis, to avoid the increased mortality associated with high serum phosphate in dialysis patients. However, comparative studies on the effects of phosphate binders are currently limited. In the present study, a comparative analysis of ferric citrate (FC), sucroferric oxyhydroxide (SF), and lanthanum carbonate (LC) was performed to assess their primary phosphate-binding and secondary iron uptake capacities.

Methods
Patients on maintenance hemodialysis visit our group clinics regularly. The FC, SF, and LC groups comprised 101, 82, and 126 patients, respectively. Subjects were observed from December 2015 to April 2016 (5 months).
Serum phosphate levels and other markers were measured in the three medication groups, and changes in phosphate levels and other clinical markers were compared. A drug treatment was considered to be effective if the serum phosphate levels of the patient decreased from baseline in each of the drugs. We evaluated the phosphate-binding capacity compared with each drug using a mixed effect model, for adjusted repeated measured analysis.

Results
SF showed higher phosphate-binding capacity than FC and LC. FC, SF, and LC showed no significant difference in phosphate-binding capacity in the adjusted mixed effect model. However, patients in the FC group exhibited iron accumulation.

Conclusion
Sucroferric oxyhydroxide possesses better phosphate-binding efficacies than ferric citrate and lanthanum carbonate. In addition, ferric citrate showed a strong iron-cumulative effect.


Keywords
Phosphate binderHemodialysisIron-cumulative effectSucroferric oxyhydroxideFerric citrateLanthanum carbonateIron based
Abbreviations
FCFerric citrate


LCLanthanum carbonate


SFSucroferric oxyhydroxide




Background
High serum phosphate levels in hemodialysis patients are associated with higher mortality, necessitating the use of iron-based phosphate binders with hemodialysis. Ferric citrate (FC) exerts its phosphate-binding effect through ionic interactions and is removed from the body as FePiPO4. Sucroferric oxyhydroxide (SF) binds phosphate as a polymer and causes the excretion of the phosphate. Iron-based phosphate binders are expected to exhibit better phosphate-binding capacity compared to other molecules. In addition, iron is biocompatible and thus possesses high therapeutic potential. However, metals vary in their phosphate-binding capacities and extent of iron release. In this study, we investigated the phosphate-binding capacities and iron absorption effects of SF, FC, and lanthanum carbonate (LC).

Methods
Study subjects
We identified patients who used phosphate binders and visited the Zenjinkai group hospital thrice a week from December 2015 to April 2016. Patients with available electronic medical records were selected for the study. Subjects were categorized into FC, SF, and LC medication groups, which comprised 101, 82, and 126 cases, respectively. SF and FC were administered to circumvent the difficulty in maintaining serum phosphate (Pi) levels below 6.0 mg/dL or unfavorable drug compliance and occurrence of digestion-related symptoms. SF and FC were administered with the starting dose at the baseline week. LC was prescribed continuously and persistently; however, the dosage was increased or decreased to maintain serum Pi under 6.0 mg/dL.

Prescription dose
The Japan Ministry of Health, Labor, and Welfare and the Pharmaceuticals and Medical Devices Agency (PMDA) defined the starting doses of these drugs as SF 750 mg/day (three tablets), FC 1500 mg/day (six tablets), and LC 750 mg/day (three tablets). We prescribed each drug according to these guidelines, and the prescription doses were increased or decreased to regulate serum phosphate levels between 3.5 and 6.0 mg/dL, according to the guidelines of the Japanese Society for Dialysis Therapy and the Japanese Society of Nephrology [1]. The phosphate change rate was defined by the following formula: (Pi_week_n − Pi_week_0) × 100/Pi_week_0. The total prescription dose was defined as the total dose in milligrams during the 5-month observation period, during which each patient visited the hospital 22 times.

Collection of clinical data
For data collection, the STEPII® data system was used to identify patient laboratory data, drug usage, and demographic data. In addition to phosphate, we also analyzed the serum levels of hemoglobin (Hb), STAT (%), and ferritin, as well as the dose of erythropoiesis-stimulating agent (ESA), during each patient visit. The ESA dose for each visit was converted based on the epoetin beta pegol:darbepoetin:epoetin beta ratio of 1:1:200, which is generally used in clinical studies. This study was approved by the facility ethics committee.

Patient characteristics
Three hundred nine patients on maintenance hemodialysis regularly visited our group clinics. The FC, SF, and LC medication groups comprised 101, 82, and 126 cases, respectively (Table 1).Table 1Baseline characteristics of patients involved in the study


	 	
                                            n = 309 (FC = 101, SF = 82, LC = 126)
	Mean ± SD

	Age (years)
	FC
	62.9 ± 12.8

	SF
	63.6 ± 13.3

	LC
	61.7 ± 11.4

	Total
	62.6 ± 12.4

	BMI (kg/m2)
	FC
	23.1 ± 4.4

	SF
	22.7 ± 4.6

	LC
	23.7 ± 3.8

	Total
	23.2 ± 4.2

	HD duration (months)
	FC
	59.5 ± 55.0

	SF
	70.6 ± 78.9

	LC
	71.4 ± 54.9

	Total
	67.3 ± 62.1

	Hb g/dL
	FC
	10.7 ± 1.0

	SF
	11.0 ± 1.2

	LC
	10.9 ± 0.9

	Total
	10.9 ± 1.0

	Pi mg/dL
	FC
	6.172 ± 1.6339

	SF
	6.216 ± 1.2109

	LC
	5.948 ± 1.4938

	Total
	6.093 ± 1.4726

	Gender
	 	F
	M

	FC
	27.7%
	72.3%

	SF
	37.8%
	62.2%

	LC
	27.0%
	73.0%

	DM/non-DM
	 	Non-DM
	DM

	FC
	68.3%
	31.7%

	SF
	62.2%
	37.8%

	LC
	57.1%
	42.9%

	Combined drug
	FC
	65/101
	64.4%

	SF
	57/82
	69.5%

	LC
	54/126
	42.9%

	Total
	176/311
	57.0%


Combined drug: includes sevelamer and a Ca-containing drug

                                    DM diabetes mellitus, BMI body mass index, HD hemodialysis



                        
The mean age at the onset of the study was 62.9 years, mean body mass index was 23.2, hemodialysis (HD) vintage was 67.3 months, mean serum Hb was 10.9 g/dL, Pi was 6.1 mg/dL, and percentage of combined phosphate binders (sevelamer and calcium carbonate) was 43.4% (Table 1).

Statistical analysis
We calculated the mean and standard deviation for each parameter and drug dosage and the least square mean for phosphate change rate. We used the least square mean in the phosphate change rate to adjust for the systematic error in the relatively small number of cases analyzed in this study. To evaluate the effect of phosphate binders on phosphate change rate, we fitted the data to the mixed effect model for adjusted repeated measured analysis. The dependent variable was the phosphate change rate, whereas the fixed effect was a combination of drug, age, gender, and phosphate binders. Patients constituted the random effect. The phosphate change rate was calculated and repeatedly measured in this mixed effect model. The estimated differences of the phosphate change rate between FC versus SF, SF versus LC, and FC versus LC were calculated. All statistical analysis were performed using SAS® 9.3 software.


Results
The total usage dose in the LC group was significantly higher than those in the SF and FC groups (Table 2).Table 2Effect of prescription doses of phosphate binders and ESA after 5 months of observation


	 	 	Mean
	SD
	SE
	ANOVA
	95% CI
	Minimum
	Maximum

	 	 	 	 	 	 	Lower limit
	Upper limit
	 	 
	Total amount of prescription dose (per 5 months)
	FC
	142.9
	80.2
	8.0
	*
	127.0
	158.7
	10.5
	437.8

	SF
	132.1
	84.0
	9.3
	*
	113.6
	150.5
	5.3
	399.0

	LC
	208.7
	89.9
	8.0
	*
	192.8
	224.5
	35.0
	462.0

	 	Total
	166.8
	91.9
	5.2
	 	156.5
	177.1
	5.3
	462.0

	Total prescription dose/starting dose
	FC
	0.6
	0.4
	0.0
	*
	0.6
	0.7
	0.0
	2.0

	SF
	1.1
	0.7
	0.1
	*
	1.0
	1.3
	0.0
	3.4

	LC
	1.8
	0.8
	0.1
	*
	1.7
	1.9
	0.3
	4.0

	 	Total
	1.2
	0.8
	0.0
	 	1.2
	1.3
	0.0
	4.0

	Phosphate change rate (%) [(Pi_end − Pi_week_0) × 100/Pi_week_0]
	FC
	2.9
	31.5
	3.1
	 	−3.4
	9.1
	−45.1
	116.3

	SF
	−10.8
	22.6
	2.5
	*
	−15.8
	−5.9
	−54.0
	48.8

	LC
	−3.2
	27.8
	2.5
	 	−8.1
	1.7
	−59.5
	152.4

	 	Total
	−3.3
	28.3
	1.6
	 	−6.4
	−0.1
	−59.5
	152.4

	Number of times ferritin ≥300 ng/mL
	FC
	0.1
	0.4
	0.0
	 	0.0
	0.2
	0.0
	4.0

	SF
	2.3
	1.5
	0.2
	*
	1.9
	2.6
	0.0
	5.0

	LC
	0.0
	0.2
	0.0
	 	0.0
	0.1
	0.0
	2.0

	 	Total
	0.6
	1.3
	0.1
	 	0.5
	0.8
	0.0
	5.0

	Total amount of ESA dose (μg) #
	FC
	440.0
	567.6
	56.5
	 	327.9
	552.0
	0.0
	3960.0

	SF
	265.7
	339.2
	37.5
	*
	191.2
	340.2
	0.0
	1880.0

	LC
	424.7
	445.4
	39.7
	 	346.2
	503.2
	0.0
	2640.0

	 	Total
	387.5
	469.9
	26.7
	 	334.9
	440.1
	0.0
	3960.0


Total amount of ESA dose was calculated using an epoetin:darbepoetin:CERA conversion ratio of 200:1:1

                                 SD standard deviation, SE standard error
*used as indicators for p values



                     
The total phosphate change rates for FC, SF, and LC were 2.9, −10.8, and −3.2% (not adjusted), respectively. The time taken to reach serum ferritin levels ≥300 ng/mL was significantly longer in the SF group. The total dose of the ESA was 387.5 IU, and the SF group significantly showed the lowest ESA value among the three medication groups (Table 2).
The least square means of phosphate change rate and the difference from the baseline of the three drugs are described in Table 3. The total least square means of the phosphate change rates are also provided (see Table 3). Figure 1 shows that the mean serum phosphate level decreased, especially with SF and LC.Table 3Phosphate change rates compared to patient baseline


	FC
	Estimate %
	Standard Error
	p
	SF
	Estimate %
	Standard Error
	p
	LC
	Estimate %
	Standard Error
	p

	Total vs BaseLine
	−1.10
	1.86
	0.56
	Total vs BaseLine
	−3.33
	1.48
	0.03*
	Total vs BaseLine
	−5.36
	1.76
	0.00*

	1
	3.16
	2.78
	0.26
	1
	1.78
	2.43
	0.46
	1
	−0.30
	2.46
	0.90*

	2
	1.60
	2.78
	0.57
	2
	3.78
	2.43
	0.12
	2
	−5.63
	2.46
	0.02*

	3
	−1.17
	2.78
	0.67
	3
	2.50
	2.43
	0.30
	3
	−7.37
	2.46
	0.00

	4
	1.18
	2.78
	0.67
	4
	2.58
	2.43
	0.29
	4
	−4.27
	2.46
	0.08*

	5
	−2.89
	2.78
	0.30
	5
	2.25
	2.43
	0.35
	5
	−6.85
	2.46
	0.01*

	6
	−4.08
	2.78
	0.14
	6
	5.50
	2.43
	0.02*
	6
	−6.92
	2.46
	0.01*

	7
	−5.21
	2.78
	0.06
	7
	5.61
	2.43
	0.02*
	7
	−5.39
	2.46
	0.03

	8
	−0.48
	2.78
	0.86
	8
	1.10
	2.43
	0.65
	8
	−4.80
	2.46
	0.05

	9
	−2.36
	2.78
	0.40
	9
	1.98
	2.43
	0.41
	9
	−3.24
	2.46
	0.19*

	10
	−3.12
	2.78
	0.26
	10
	−1.11
	2.43
	0.65
	10
	−8.79
	2.46
	0.00*

	11
	−4.59
	2.78
	0.10
	11
	−6.89
	2.43
	0.00*
	11
	−6.30
	2.46
	0.01*

	12
	−6.69
	2.78
	0.02*
	12
	−7.04
	2.43
	0.00*
	12
	−5.12
	2.46
	0.04*

	13
	−1.26
	2.78
	0.65
	13
	−9.88
	2.43
	<.0001*
	13
	−7.31
	2.46
	0.00*

	14
	−3.11
	2.78
	0.26
	14
	−12.61
	2.43
	<.0001*
	14
	−12.02
	2.46
	<.0001*

	15
	−0.95
	2.78
	0.73
	15
	−10.24
	2.43
	<.0001*
	15
	−9.00
	2.46
	0.00*

	16
	−1.11
	2.78
	0.69
	16
	−11.48
	2.43
	<.0001*
	16
	−5.68
	2.46
	0.02*

	17
	0.37
	2.78
	0.90
	17
	−7.65
	2.43
	0.00*
	17
	−5.56
	2.46
	0.02

	18
	−1.91
	2.78
	0.49
	18
	−7.61
	2.43
	0.00*
	18
	−4.04
	2.46
	0.10*

	19
	−1.06
	2.78
	0.70
	19
	−10.30
	2.43
	<.0001*
	19
	−6.23
	2.46
	0.01

	20
	0.63
	2.78
	0.82
	20
	−10.35
	2.43
	<.0001*
	20
	−4.79
	2.46
	0.05

	21
	2.81
	2.78
	0.31
	21
	−11.33
	2.43
	<.0001*
	21
	−4.35
	2.46
	0.08


* p < 0.05; SE standard error



                        [image: A41100_2017_119_Fig1_HTML.gif]
Fig. 1Changes in serum phosphate levels with phosphate-binder treatment. Mean phosphate levels plus standard error (SE) for the a ferric citrate (FC) group, b sucroferric oxyhydroxide (SF) group, and the c lanthanum carbonate (LC) group




                     
Table 3 shows that in the SF group, the phosphate change rate significantly decreased after 11 weeks described by a decrease of the least square mean. However, the change was not significant except on week 12 for the FC group.
The mixed effect model analysis indicated that there were no significant differences in phosphate change rates in FC versus SF, SF versus LC, and FC versus LC.
Changes in serum phosphate levels in 5 months
Figure 1 shows the mean phosphate level of each phosphate binder with standard error. Phosphate levels decreased in the FC group in the first 3 months but returned to initial levels in the latter half period. In the SF group, phosphate levels decreased significantly from the baseline in each week. In the LC group, phosphate levels were relatively low throughout the observation period. Table 3 provides the least square mean and standard error of the phosphate change rate for the three drugs. There was a reduction from the baseline after 12 weeks in the case of the FC treatment. In the SF group, weeks 6 and 7 increased but week 11 to last decreased significantly. In the LC group, the phosphate change rates decreased significantly across several weeks, but the change rates were relatively smaller than those of FC and SF.

Phosphate change rate per cumulative prescription dose (5 months)
Figure 2 shows the relationship between the cumulative prescription dose of each phosphate binder and the phosphate change rates. The cumulative prescription dose was calculated at each visit by adding the prescription dose from the baseline to the observation visit and dividing by the starting dose of each phosphate binder. The phosphate change rate decreased when the values obtained after dividing the prescription dose by the starting dose increased. The phosphate change rate decreased rapidly, especially in the SF group.[image: A41100_2017_119_Fig2_HTML.gif]
Fig. 2Phosphate change rate per cumulative prescription dose. The relationship between cumulative prescription dose and phosphate change rates for a 
                                       FC, b 
                                       SF, and c 
                                       LC. The cumulative prescription dose was calculated at each visit by adding the prescription dose from the baseline to the observation visit and dividing by the starting dose of each phosphate binder. The phosphate change rate decreased when the values obtained after dividing the prescription dose by the starting dose increased




                        

Changes in serum Hb levels in 5 months
Figure 3 presents the changes in mean serum Hb in 5 months for each prescription group. Hb levels increased in the FC and SF groups, but not in the LC group.[image: A41100_2017_119_Fig3_HTML.gif]
Fig. 3Changes in serum Hb levels with phosphate-binder treatment. Mean serum hemoglobin (Hb) level plus standard error (SE) for a 
                                       FC, b 
                                       SF, and c 
                                       LC
                                    




                        

Changes in serum ferritin levels in 5 months
Figure 4 presents the mean ferritin change in 5 months for each prescription group. FC and SF were administered in the low and moderate serum ferritin groups, respectively, after which the serum ferritin levels increased in both the groups. Ferritin levels did not increase in the LC group.[image: A41100_2017_119_Fig4_HTML.gif]
Fig. 4Changes in ferritin levels with phosphate-binder treatment. Mean serum ferritin (ng/mL) level plus standard error (SE) for a 
                                       FC, b 
                                       SF, and c 
                                       LC
                                    




                        

Changes in transferrin saturation in 5 months
Figure 5 presents the changes in transferrin saturation (TSAT) in 5 months for the three prescription groups. TSAT increased considerably in the FC group and negligibly in the SF group and remained unchanged in the LC group.[image: A41100_2017_119_Fig5_HTML.gif]
Fig. 5Change in TSAT percentages with phosphate-binder treatment. Mean transferrin saturation rate (TSAT%) plus standard error (SE) for a 
                                       FC, b 
                                       SF, and c 
                                       LC
                                    




                        
Table 4 shows the effectiveness of FC versus SF, FC versus LC, and SF versus LC treatments. In the mixed effect model analysis, the phosphate-lowering effect adjusted to the fixed and random effects of the phosphate change rate were not significantly different within each group.Table 4Mix effect model


	 	Result of mixed effect model

	Estimate
	Standard error
	p
	Alfa
	Lower Limit
	Upper Limit

	FC vs SF
	−1.0334
	1.4716
	0.4826
	0.05
	−3.9187
	1.8519

	SF vs LC
	−1.5953
	1.4077
	0.2572
	0.05
	−4.3551
	1.1645

	FC vs LC
	0.6262
	1.451
	0.6661
	0.05
	−2.2184
	3.4708


Fixed effect was treatment (FC, SF, LC), combined phosphate binder, age or gender. Patients were defined as random effect



                        


Discussion
High serum phosphate levels are associated with higher mortality [2]. After adjustment with nutritional markers, hemodialysis patients with phosphate levels ≥5.6 mg/dL had a higher risk of mortality; this risk was reduced with the use of phosphate binders [2].
Based on data from a dialysis cohort, Cannata-Andia et al. [3] reported that the use of phosphate-binding agents was associated with lower mortality. A pronounced HR-lowering effect was observed by sevelamer plus lanthanum treatment compared to those of other drug combinations containing phosphate-binding agents. A meta-analysis indicated that the use of Ca-containing phosphate binders resulted in elevated risk of all-cause mortality and cardiovascular mortality [4, 5]. However, arterial media calcification was observed in patients undergoing hemodialysis who consumed Ca-containing phosphate binders [6]. Randomized controlled trials on sevelamer and lanthanum in Japanese patients indicated identical levels of phosphate-binding efficacy [7]. Isakova et al. also reported that treatment with phosphorus binders independently decreased mortality in patients [8]. Recently, three randomized controlled trials were performed using FC [9–11] on patients with chronic kidney disease [12]. Iida et al. reported that FC prevented vascular calcification in rats and demonstrated the dose-dependent efficacy of FC [13]. Rodby et al. reported that FC treatment reduced hospitalization costs by an estimated 3002 USD per patient per year [14]. Iron-based phosphate binders that are currently used include Velphoro, Ca-containing phosphate binders, Zerenex, FC, Alpharen Fermagate SBR-759, and PT20 [15]. In particular, PA21 was administered to patients undergoing hemodialysis in 2016. A phase III study was performed to compare PA21 with sevelamer [16], and results showed that PA21 had a lower pill burden and better adherence.
We investigated two iron-based phosphate binders, namely FC and SF, and compared their effectiveness with lanthanum (LC), another metal (lanthanum)-based phosphate binder. However, FC and SF have different phosphate-binding mechanisms—FC acts via ionic binding, whereas SF causes polymer adsorption effects. Thus, FC and SF cannot be compared based on their iron content.
Analysis of the phosphate-binding efficiency using the difference of least square mean showed significantly lower values exclusively in week 12 for the FC group. Meanwhile, the SF group showed a significant lowering effect in the latter half of the observation period, whereas LC showed a relatively significant effect throughout the period (Table 4, Fig. 1). We assumed that the reduction in effect of FC in the latter half of the observation period could be caused by unfavorable gastrointestinal symptoms and occurrence of colored feces. Secondly, elevated serum ferritin level (Fig. 4) and increased percentage of TSAT% (Fig. 5) might also reduce the dosage of FC. In contrast, SF showed a relatively weak iron-cumulative effect, especially indicated in TSAT% (Fig. 5), which could result from a carryover of FC to SF in certain cases. In the SF group, serum Hb was maintained in the latter half of the observation period (Fig. 3), ferritin was elevated from the average level (Fig. 4), and TSAT was slightly increased in the observation period (Fig. 5). The ferritin content of the FC group was ≤60 ng/mL at the baseline (Fig. 4), and therefore, FC might be administrated in cases of iron deficiency anemia. Comparison of the first and last phosphate levels during estimation of the phosphate-binding effect of the three phosphate binders was insufficient because original phosphate levels were regained, which was further confounded with combined drug treatment and other demographic data. To partially avoid these confounders and estimate the repeated measured value, we fitted the date to the mixed effect model [17, 18]. Repeated measured serum phosphate levels were adjusted with combined phosphate binder, age, or gender. Patients were defined as the random effect in the multilevel structure of this mixed effect model. The result of the mixed effect model analysis indicated that SF had relatively strong phosphate-binding effect in these newly developed drugs, but there were no significant differences in the phosphate-binding effect among the three drugs, which might be reflected in the actual medical care response during dialysis therapy.
A limitation of this study is that except for LC, the prescription data of FC and SF were flawed. The LC group was prescribed consistently; however, certain patients in the SF group were prescribed FC before SF. Nevertheless, phosphate change rates and fluctuations and changes of other markers could be evaluated and compared.

Conclusion
Among the newly developed drugs, sucroferric oxyhydroxide exhibited a stronger phosphate-lowering effect than ferric citrate. In addition, ferric citrate showed a stronger iron-cumulative effect than sucroferric oxyhydroxide and thus required adjustment based on iron administration in these iron-based phosphate binders.
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by adding the prescription dose from the
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