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ABSTRACT

Background and objectives:Chronic kidney diseasaineral and bone disorde€KD-

MBD) is a systemic condition defined by an incremseardiovascular calcifications and
bone fragility. The condition is diagnosed élynormal serum concentrations of calcium,
phosphorus, parathyroid hormone and vitaminTBese biochemical abnormalities have
been linked to abnormal bone metabolism as well as cardiovascular calcifications if left

untreated

Phosphate binders are knowndause phosphate reduction through mechanisms involve
the gastrointestinal routelheir relative effects remain uncertai@ontroversyarises
because of concerns related to systematic effects, tolerabdgis and impact on patient
important outcomesThe objective of Chapters 2 and 3 was to explore the relative
effectiveness of phosphate binders on patii@portant outcomes and laboratory outcomes
in patients with CKBMBD using the frequentist and Bayesian approaches, respectively.
The purpose of Chagr 4 wado critically appraise clinical practice guidelineddressing

CKD-MBD.

Methods and results

Chapter 2:We performed network metmnalyses for all causmortality for individual
agents (sevenode analysis) and conventional matalysis of calcin vs.non-calcium
based phosphate bindgisCBPB) for all-cause mortality, cardiovascular mortality and
hospitalizationOur results suggested higher mortality with calcium than either sevelamer

in our network metanalysis oNCBPBIin our conventional matanalysis. Conventional



metaanalysis suggested reiatistically difference in cardiovascular mortality between

calcium and NCBPBs.

Chapter 3We performedBayesiametwork metaanalyseso calculate the effect estimates
(mean differences) and 95%edible intervalsfor serum levels ophosplate, calciumand
parathyroid hormoneModeratequality evidence suggestsuperior effect of active
treatment categories as compared to placebo for reducing serum pho€uiraMA
results did nofind statisticallysignificant difference between active treatment categories

in lowering serum phosphate

Chapter 4:We performed a systematic survey critically appraise clinical practice
guidelinesaddressingCKD-MBD. Most guidelines assessing CKMBD suffer from
serious shortcomings using théAdvancing Guideline Development, Reporting and
Evaluation in Health Care instrumen{AGREE) criteria; a minority, however, fulfill the
criteria. Limitations with respect to AGREE criteria do not, however, necessarily lead to

inappropriate recommendations.

Conclusion Given thelikely mortality reduction with sevelamer versus calcium, the
results suggest that higher calcium levels associated with calcium based phosphate binders
may contribute to the mortality differentigl/e found thatmostclinical practice guidelines

related to CKDMBD were not satisfactory with major problems witgor, update and
implementation.Recommendations were consistent and thus unassociated with guideline
quality. In other instances, however, thisgymot be the case, and ensuring trustworthiness

of guidelines will require adherence to methodological standards.
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Chapter 1

INTRODUCTION



Chronic kidney disease mineral and bone disordersan overview and management

Chronic kidney disease (CKD) can be defined as structural or functionainaddni@s of the
kidneythat persist for at least three months CKD is often classified into five stages, according

to the estimated glomerular filtration rate (eGFERa tool for definigp CKD from a functional
perspective (Table 1R]. Stage 5 status may require dialysis treatment (stage 5D) or a kidney

transplant (stage 5T), collectively called renal replacement thgapy

CKD is a global public health pradghthat affects8-10% of people worldwide. Diabetes mellitus

and vascular/hypertension related disorders are the most common causes of CKD in high income
countries[3-6]. Health care resource use and associatets @ye considerably higher in CKD
patients than in those not suffering from the condition, especially for those who are on dialysis or

have a kidney transplaf#].

CKD has been associated with high mortality as well as morbithéyleading cause of death
among patientsis cardiovascular diseasg3-13]. Since CKD affects all organ systems,
management requires a systematic approach and detailed considerations to prevent progression of
CKD and extrarenal complication§2]. The goad of the treatment of CKD includeél) disease

specific teatment if indicatedand (2) management of anemia, acidosis, blood pressure, dialysis

dose, dialysis volume, proteinuria and markers of bone and mineral metabolism.

Markers of bone and mineral metabolism include phosphate, calcium and parathyroid hormone
High phosphate levels lead tdwronic dsturbances in calciusphosphate homeostasis and
cardiovascular calcifications ithe intima and media layers of the arteries and subsequent
cardiovascular even{8, 11-13]. Impaired bone density and quaditabnormal bone turnover

architecture and mineralizatidriead to increased fracture risk in CKD patiefi®. The



phenomenon is called CKD mineral and bone disorder (G48D) and includes a spectrum of

diseaseshat may result icardiovascular consequenagsadverse bone outcomes.

The pathogenesis of cargt@scular calcifications has been watlidied and in vitro studies have
demonstrated that vascular tissues are capable of producing structures similar to tf8]bones
Vascular smooth muscle cells haWe potential to transform into chondrocytesteoblast cell
types through a phosphorous mediated system that employs a transcriptioraf@ceammon
phosphorous mediated system that employs osteopf@ti¥]. Elevated calcium, parathyroid
hormone and parathyroid hormelilee peptides are other substances that provoke and promote
the abnormal calcifiation process and accelerate atherosclerosis and cardiovascular diseases

16].

In the early stages of CKD, high phosphate levels cause an increase in phosphaturic hormones,
parathyroid hormone and fibroblastogith factor23 (FGF23) as well as a reduction in klotho

and active vitamin )17]. Klotho is a cereceptor of FGF23 that enables the phosphaturic effect

of FGR23[17, 18] Klotho also plays a role in calcium apklosphate excretion, cardowotection

and antioxidation[19].

FGFR230 a more reliable indicator ofcalciumphosphate homeostasis due to less diurnal
variability as compared foarathyroid hormonand phosphaée increases phosphate excretion by
the kidneys and decreasesalpha hydroxylase activity which is responsible for activatbn
vitamin D[20, 21] Dialysis vintagé defined as length of time on dialysis treatndeahd residual
renal functions have been linked to F@&F levels (positively correlated with dialysis vintage and

negatively corelated with residual renal functiof®1].



High serum phosphate levélsa common finding in CKD patierdis are associated with decreased
patient and renal surviv§22-25]. As a result, phosphate binders are perceived to have a pivotal
role in the management of CKEBD. Calciumbased phosphate binders sx@xpensivéout may
cause hypercalcemia. Naalciumbased phosphate binders, sevelamer and lanthanum, are
costlier drugs but calciumfree. Recently, iron has been shown to be effective in lowering

phosphate (e.g., ferric citrate and sucroferric oxyhydroX2ig])

An overview of meta-analysis and its applications in health care

Pooling effectiveness measures using direct, indirect and mixed comparisons

Metaanalysis is a powerful tool to combine randomized or-raorilomized effectiveness data
from different studieso facilitateclinical decisionmaking[27]. Conventional metanalysi®
alsocalled heado-head comparisodsindirect comparisons or combination of the two (network

metaanalysis) arestablisheanethods to explore treatment effects from different studies.

Network metaanalysis(NMA) is conducted either im frequentist or Bayean framework.
Bayesian analysis may employ Rioriormative priors (e.g., mean is equal to zero and precision is
equal to 0.001) in order to draw conclusions fully driven by the study[8&f{e29] Another
approachemploys informative priors using prior knowledge in the form of expert opinion or
published data. The frequentist approach does not allow assuntptiogimcorporaedbased on
what is known in the areg@9]. Both approaches should yield similar results in terms of the
magnitude, direction and significance of effect estimates in cases wherdaromative priors are

employed in the Bayesian framewd#e].



A further refinement can be obtained using additive main effect models in complex treatments to
decompose individual treatment effects. In addition to the NMA adsoumsp additivity

assumptiommaintains thainteractions between treatment componanésionexistent.

Pooling diagnostic accuracy indices

Diagnostic tests are commonly used for screening, diagnosis and estimation of prognosis as well
as treatment respamn clinical practice. Reliability and validity are indicators of overall accuracy

of a diagnostic teqB80]. The extent of agreement of an index test with itself implies reliability
while the agreement of an index test with the reference standiardtes validity of the instrument

[31]. Sensitivity,singgxeasitivie and negafive prédativel valued are indices

of validity [31, 32] The added value of an index test can be measured using a summary Receiver
Operating Characteristic (ROC) curve or net reclassifinaimprovement. Nevertheless,

sensitivity and specificity are the most common measures of diagnostic accuracy[38]dies

Metaanalysis of diagnostic accuracy studies should account for betaeenwithinstudy
variability which requiresierarchical randoreffect models. Fixe@ffect models only consider
within-study variationg33, 34] However, the differences in eaff values, study populations,
verification techniques (complete, partial dfetential verification) and diagnostic test properties

result in between study variations in performance indiggk

Pooling summary measures of diagnostic studies:-dweensional parameters

One technique to pool the performance indiogésliagnostic accuracy studies is to adopt a
univariate approach using a diagnostic odds ratio for each study or reportingvisgresiiil

specificity separatelj33]. This method ignores the negative correlation between sensitivity and



specficity and loses valuable informatigf33]. Moreover, an arbitrary threshold needs to be

employed to create categories and achieve the values for sensitivity and spg&#]city

However, studies may use different thresholals @ differences in study populations, technigues

or by choice, which is reflected on sensitivity and specifi8}; In order to remove the threshold
effect and to compare overall accuracy between tests, a summary ROC curve with Qtmoints
corresponding point of sensitivity is equal to specificity on the ROC curve) is created using a

univariate approacf83]. Nevertheless, two dimensions of the original data are lost.

The bivariate approach is considered an ideal methogdoling single test diagnostic accuracy

studies. Bivariate metanal ysi s i s twodauttomese mer study, are fimodelled
simultaneously [35]. The parameter of interest in bivariate ratelysis is the diffrence in
performance indices between two td86]. A logarithmic transformation is applied to sensitivity

and specificity both of which will then assume aormal distribution. Subsequently, bivariate

normal digribution is created. Bivariate models incorporate precision of the study (i.e., studies are
wei ghed accor di netween studyhvariation ip true undedying sensitivityfand
specificitt and negative corr el aecificioyi35].bAestnmmarg ROCs e ns i t
curve can be created with a confidence ellipse and sources of heterogeneity can be explored,
including covariates using metagression techniqug¢35]. The main drawback of this technique

is that it ignores covariance between dependent and independent v4&aples

Another application ofhebivariate approach: pooling correlation indices

Correlationbetween patient important outcomes and laboratory outcomes can be estimated using
a bivariate approach. First, logarithmic transformation of end of treatment mean value and its

precision (or logarithmic transformation of proportion of those who achiewethtbets) as well



as logarithmic transformation of relative risk of patient important outcomes need to be calculated.
Afterwards, patient important outcomes and laboratory outcomes can be correlated using a scatter

plot. Grading quality of evidence wilely on both sources of information.

Thesis description & objectives

Although the most recent systematic review and raatdysis suggests higher mortality with
calcium than with norcalcium based phosphate binders (NCBPB), there ié\hA to inform the
comparative effectiveness of phosphate bind@®]. This thesis explas thecomparative
effectiveness of phosphate binders on both patient important and laboratory outeoohes

critically appraigsclinical practce guidelinesor management ac€KD-MBD [37].

The purpose of this thesis is (1) to apply latest developments in NMA and applicatioa of
Grading of Recommendations Assessment, Development and Evali@Ra®DE) methodology

to NMA; (2) to explore thecomparativeeffectiveness of phosphate binders; and (3) to critically
appraise clinical practice guidelines addressing mineral and bone disteaengpothesized that
reductions in phosphate levels using NCBPBs may be associated witededscular stiffness

and regression of left ventricular hypertrophy and consequently lowers cardiovascular events,
cardiovascular calcifications and mortalithis thesishas made anique contribution tthebody

of literatureregardingCKD-MBD managemeet by estimating relative effectiveness of phosphate

binders and quality of CKIMBD clinical practice guidelines.

This thesis consists of five chapters, including an introduction and conclusion. Chpaptedds
an overview of CKBMBD, its management ardifferent applications of metanalysis in health
care. Chapters 2 and 3 present NMAs examining comparative effectiveness of phosphate binders

in CKD patients.



Chapter 2 examirsghe effectiveness of phosphate binders on paineportant outcome£hapte
3 examins the comparativeeffectiveness of phosphate binders on laboratory outcdbinegter
4 critically appraisgclinical practice guidelines using the Appraisal of Guidelines for Research

and Evaluation (AGREH) Instrument.
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Table 1: Stages of CKD according to eGER

Stages of CKD eGFR, ml/min/1.73 n?
Stage 1 090

Stage 2 60i 89

Stage 3 30i 59

Stage 4 15129

Stage 5 <15

Abbreviations: eGFR: estimated Glomerular Filtration Rate; CKD: Chronic Kidney Disease.
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Comparative effectiveness of phosphate binders in patients with chronic kidney disease:
A systeratic review and network metanalysis
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Abstract

Background

Chronic kidney disease-mineral and bone disorder (CKD-MBD) has been linked to poor
health outcomes, including diminished quality and length of life. This condition is character-
ized by high phosphate levels and requires phosphate-lowering agents—phosphate bind-
ers. The objective of this systematic review is to compare the effects of available phosphate
binders on patient-important outcomes in patients with CKD-MBD.

Methods

Data sources included MEDLINE and EMBASE Trials from 1996 to February 2016. We
also searched the Cochrane Register of Controlled Trials up to April 2016. Teams of two
reviewers, independently and in duplicate, screened titles and abstracts and potentially
eligible full text reports to determine eligibility, and subsequently abstracted data and
assessed risk of bias in eligible randomized controlled trials (RCTs). Eligible trials enrolled
patients with CKD-MBD, randomized them to receive calcium (delivered as calcium acetate,
calcium citrate or calcium carbonate), non-calcium-based phosphate binders (NCBPB)
(sevelamer hydrochloride, sevelamer carbonate, lanthanum carbonate, sucroferric oxy-
hydroxide and ferric citrate), phosphorus restricted diet, placebo or no treatment, and
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reported effects on all-cause mortality, cardiovascular mortality or hospitalization at >4
weeks follow-up. We performed network meta-analyses (NMA) for all cause-mortality for
individual agents (seven-node analysis) and conventional meta-analysis of calcium vs.
NCBPBs for all-cause mortality, cardiovascular mortality and hospitalization. In the NMAs,
we calculated the effect estimates for direct, indirect and network meta-analysis estimates;
for both NMA and conventional meta-analysis, we pooled treatment effects as risk ratios
(RR) and calculated 95% confidence intervals (Cls) using random effect models. We used
the GRADE (Grading of Recommendations, Assessment, Development and Evaluation)
approach to rate the quality of evidence for each paired comparison.

Results

Our search yielded 1190 citations, of which 71 RCTs were retrieved for full review and 15
proved eligible. With 13 eligible studies from a prior review, we included 28 studies with
8335 participants; 25 trials provided data for our quantitative synthesis. Results suggest
higher mortality with calcium than either sevelamer (NMA RR, 1.89[95% ClI, 1.02 to 3.50],
moderate quality evidence) or NCBPBs (conventional meta-analysis RR, 1.76 [95% Cl,
1.21 to 2.56, moderate quality evidence). Conventional meta-analysis suggested no differ-
ence in cardiovascular mortality between calcium and NCBPBs (RR, 2.54 [95% Cl, 0.67
to 9.62 low quality evidence). Our results suggest higher hospitalization, although non-sig-
nificant, with calcium than NCBPBs (RR, 1.293 [95% CI, 0.94 to 1.74, moderate quality
evidence).

Discussion/Conclusions

Use of calcium results in higher mortality than either sevelamer in particular and NCBPBs in
general (moderate quality evidence). Our results raise questions about whether administra-
tion of calcium as an intervention for CKD- MBD remains ethical. Further research is needed
to explore the effects of different types of phosphate binders, including novel agents such
as iron, on quality and quantity of life.

Systematic Review Registration
PROSPERO CRD-42016032945

Introduction

Patients with chronic kidney disease (CKD) [1] are at higher risk of death, often due to cardio-
vascular disease [2-7]. CKD leads to hyperphoshatemia and a number of chronic disturbances
of calcium-phosphate homeostasis collectively referred to as CKD mineral and bone disorder
(CKD-MBD). 'T'his constellation of metabolic abnormalities leads to arterial intimal and medial
calcification that are associated with cardiovascular events [2], while abnormal bone turnover,
archilecture and mineralizalion resull in reduced bone qualily and densily, with increased risk
of fracture [2].

Phosphate has long been considered an important target for managing CKD-MBD and its
sequelae. Because of the adverse impact of high serum phosphate levels on cardiovascular and
bone outcomes and on survival [8-11], and because elevated serum phosphate is common in
CKD patients, phosphate binders have a pivolal role in the management of CKD. Calcium—
delivered as calcium acetate, calcium citrate or calcium carbonate—is less expensive, but more
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likely to cause hypercalcemia [8-11]. Non-calcium-based phosphate binders (NCBPB), sevela-
mer and lanthanum, are costlier but do not cause hypercalcemia [8-11].

Through different mechanisms, all phosphate binders prevent phosphate absorption from
the gastrointestinal system [12]. Sevelamer is a resin-based binder with an anion exchange
mechanism [13]. Lanthanum binds phosphate through its trivalent cation [13]. Recently, iron
(e.g., ferric citrate and sucroferric oxyhydroxide) has also proved effective in lowering phos-
phate by impeding the absorption of phosphate in the stomach withoul evidence of toxicity
[14,15]. The crucial question, however, is the relative impact of these agents on palienl-impor-
tant outcomes, particularly on mortality.

Jamal et al. conducted a meta-analysis of 15 randomized control trials (RCTs) examining
CBPBs versus NCBPBs in patients with hyperphosphatemia and CKD. The results suggest
higher mortality with CBPBs than with NCBPBs|16]. Inferences from this review are limited
because the review did not address individual NCBPBs and because of imprecision of the main
finding: results were consistent with either a moderate relative reduction in mortality (23%) or
a very small relative reduction (3%). Moreover, the qualily appraisal was limited, reducing
overall confidence in the estimales of effect and conclusions [16].

The objeclive of this systemalic review was (1) Lo updale the Jamal el al. systemalic review
[16] using the Grading of Recommendaltions, Assessmenl, Development and Evaluation
(GRADE) approach and (2) to provide estimates of effect of individual agents by combining
direct and indirect estimates through a network meta-analysis (NMA).

Methods
We registered our protocol with PROSPERO (hLip://www.crd.york.ac.uk/PROSPERO/display
record.asp?D=CRD42016032945). We adhered Lo the PRISMA NMA guidelines in drafling

our manuscript (http://www.prisma-statement.org/Extensions/NetworkMetaAnalysis.aspx)
(S1 File).

Eligibility criteria

We included studies that (1) enrolled adult patients (>18 years of age) with chronic kidney dis-
case, defined as an estimated glomerular filtration rate <60 ml/min/1.73 m?, including dialysis
CKD patients (CKD stage 5D) and non-dialysis CKD patients (stages 3 through 5) [1, 17]; (2)
randomized patients to a phosphate binder or a control. Phosphate binders included CBPBs
(calcium acetate, calcium citrate or calcium carbonate) and NCBPDs (sevelamer hydrochlo-
ride, sevelamer carbonate, lanthanum carbonate, sucroferric oxyhydroxide or ferric citrate). A
control included phosphorus restricted diet, placebo or no intervention; (3) reported at least
one of the following outcomes: all-cause mortality, cardiovascular mortality or hospitalization
due Lo any cause; and (4) had a minimum follow-up of 4 weeks. We excluded studies that
included pedialtric patients if outcomes of adulls were nol reported separalely.

Data sources and search strategy

We included all trials identified in a prior review and updated the search for the subsequent
period [16]; specifically, we searched MEDLINE and EMBASE from January 2013 unlil Febru-
ary 2016 without language restrictions. We also searched the Cochrane Register of Controlled
Trials up to April 2016. We used controlled vocabulary and text words and restricted our
search to RCTs. We scanned the bibliographies of all prior systematic reviews and meta-analy-
ses as well as all eligible primary studies for additional relevant articles. Our full search strategy
is depicted in S2 File in supporting information.
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Study selection

Teams of two reviewers independently screened each title and abstract. If either reviewer iden-
lified a cilation as potentially relevanl, we oblained the full lext of the arlicle. Two reviewers
independently determined the eligibility of all studies that underwent full text evalualion. If we
found more than one publicalion for a study, and if supplemenlary reports included eligible
outcome measures not provided in the main report, we included complementary information
from the second or third report.

Data abstraction

We extracted study data using a customized data collection form accompanied by a detailed
instruction manual. We abstracted the following information from each study: author, year of
publication, baseline characteristics of participants, number of participants in each arm at
study onset and completion, trial duration and treatment effects. We recorded the last mea-
surement if multiple measurements were provided during the follow-up period.

Risk of bias of included studies

Two independenl reviewers used a modified version of the Cochrane risk for bias (ool in order
to assess the risk of bias on the basis of randomization, allocation concealment, blinding,
incomplete outcome data, selective reporting (by comparing the methods and results sections
of the manuscript) as well as stopping early for benefit [18]. Reviewers chose among response
options of “definitely yes”, “probably yes”, “probably no”, and “definitely no” for each of the
domains, with “definitely yes” and “probably yes” ultimately assigned low risk of bias and “defi-
nitely no” and “probably no” assigned high risk of bias [19]. For eligibility and risk of bias,
reviewers resolved disagreements by discussion.

Quality assessment of bodies of evidence

Quality assessment of direct evidence. We assessed the quality of evidence in effect esti-
mates for each outcome as high, moderate, low or very low using the GRADE rating system
[20]. In the GRADE syslem, RCTs begin as high qualily evidence, bul may be rated down by
one or more of five calegories of limilations [19]: risk of bias, precision, consislency, directness
and publication bias [21].

Clinical heterogeneity was assessed in terms of differences in population, intervention, out-
comes and settings (primary vs secondary vs tertiary care settings) and was used to judge
directness. Statistical heterogeneily was assessed by visual inspection of forest plots for the
degree of proximity in point estimates and overlap in 95% confidence intervals (95% Cls) and
by the Chi-Square test of homogeneity, and the 17 statistic for which 0-40% may be unimpor-
tant heterogeneity, 30-60% moderate, 50-90% substantial and 75-100% considerable hetero-
geneity [22].

With respect to precision, we assessed the width of the 95% Cls for inclusion of values that
would alter clinical decision-making [23]. Publication bias was considered undetected unless
the effecl measure was asymmetrically distributed around the pooled effect [24, 25].

Aller considering Lhese reasons for rating down, we judged the overall confidence in esli-
mates of effect for all-cause mortality, cardiovascular mortality and hospitalization for each
direct comparison as follows: ‘high’ quality of evidence (we are very confident that the true
effect lies close to that of the estimate of the effect); ‘moderate’ quality of evidence (we are mod-
eralely confident in the effect estimate and the true effect is likely to be close to the estimate of
the effect, but there is a possibility that it is substantially different); ‘low” quality of evidence
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(our confidence in the effect estimate is limited and the true effect may be substantially differ-
ent from the estimate of the effect); and ‘very low’ quality of evidence (we have very little confi-
dence in the effect estimate and the true effect is likely to be substantially different from the
estimate of effect) [19].

Quality assessment of indirect evidence. We also applied the GRADE methodology to
rate the confidence of indirect effect estimates. Indirect effect estimates are calculated from
available ‘loops’ of evidence, which includes first order (based on a single common comparator
treatment, the difference belween the treatment A and B is based on comparisons of A and C
aswellas Band C,as with &%, — d2_ — d2,) or higher order (more than one intervening
treatment connecting the two interventions that constitute the comparison of interest) [26].

To judge the quality of the indirecl comparison we chose the first order loop with the lowest
variance in those withoul a common comparator. The qualily of evidence raling for indirect
comparisons was the lower of the ratings of quality for the two direct estimates that contribute
to the first order loop of the indirect comparison. For instance, if one of the direct comparison
was rated as low and other was rated as moderate evidence, we rated the quality of indirect evi-
dence as low [27].

We also considered further rating down the quality of the indirect comparison for intransi-
tivity. ‘The transitivity assumption implies similarity of trials in terms of population, interven-
tion (type and dosing frequency), settings and trial methodology. If the transitivity assumption
was violaled, we raled down indirect comparison one further level.

Quality assessment of NMA mixed estimates. Ifboth direct and indirect evidence were
available, the NMA mixed estimate qualily rating came from the higher qualily of the two. We
also considered coherence (degree of consistency between direct and indirect effect estimates)
in our final quality rating. We examined the magnitude of the difference between direct and
indirect effect estimates and the extent to which confidence intervals overlapped and rated
down confidence the quality of the NMA effect if we found large incoherence defined as incon-
sistency between direct and indirect effect estimates.

Asymmetrical funnel plots indicate reporting biases due to publication bias or small study
effect [24]. We employed the comparison-adjusted funnel plot using fixed effect models. The
black dashed line indicates the estimated small-study effects line—also called the regression
line.

‘Thus, the quality of evidence for each paired network comparison included assessment of
transitivity (similarity between populations, interventions, comparators and outcomes of trials
in the direct comparisons that contribute (o the indirecl comparison eslimale); coherence (sim-
ilarily between direct and indirect effects); and homogeneity (similarily of effecl estimates
belween Lrials in direcl comparisons).

Data synthesis and statistical analysis

For conventional meta-analyses (all individual paired comparisons and comparison of calcium
versus NCBPBs for all-cause and cardiovascular mortality, and for hospitalization) we calcu-
lated risk rations (RRs) and 95% confidence intervals (CIs) using random effects models. For
our NMA, we synthesised the results from RCTs using the frequentist approach. The relevant
analysis was a seven-node network mela-analysis (NMA) (sevelamer hydrochloride vs. calcium
carbonate vs. lanthanum carbonate vs. iron vs. phosphorus restricted diet vs. placebo vs. sevela-
mer-plus-calcium-plus-magnesium). We report pooled RRs for direct, indirect and mixed net-
work meta-analysis estimates and associated 95% Cls. We present the direct, indirect and
network effect estimates. We summarized the overall network heterogeneity using the global
test [28]. We used the inconsistency factor for the assessment of loop inconsistency in our
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triangular loop [28-30]. The contribution plot indicates the contribution of each direct com-
parison to indirect and network estimates [28].

To estimate absolule benefit for statistically significant mortality benefil we used the median
Dbaseline risk of all studies with a calcium arm and applied the relative effect from the NMA
mixed comparisons. We performed all analyses with Stata (StataCorp. 2013. Stata Statistical
Software: Release 13. College Station, TX: StataCorp LP) using the mvmeta command.

Results
Trial identification

Our updated search yielded 1190 citations, of which 71 were retrieved for full review; 15 RCTs
proved eligible with 3576 (Fig 1). We included 13 RCTs from the previous systematic review
[16]. Therefore, we included a total of 28 studies with 8335 participants; 25 provided data that
allowed inclusion in our quantitative synthesis (Iig 1).

Trial and population characteristics

S1 Table in the supporting information presents the characteristics of all eligible studies, of
which 25 reported all-cause mortality [31-58]. Seven of the 28 studies (25%) included non-
dialysis patients. Year of publication ranged from 2002 to 2015. Most of the trials were multina-
tional (11 studies) and all were multi-centre. The mean age of participants ranged from 47 to
69.

Our assessment indicaled low risk of bias for missing data and seleclive reporling in about
75% of the trials; blinding was adequale in only aboul 25% of the studies (Fig 2 and S1 Fig in
the supporling information).

Seven-node analysis

Fig 3 presents the network geometry of all-cause mortality and provides 8 direct and 13 indi-
recl comparisons for seven intlerventions: sevelamer, lanthanum, iron, calcium, phosphorus
restricled diel, sevelamer-plus-calcium-plus-magnesium and placebo. One Lrial compared
three trealments [59]. Pairwise comparisons demonstrated 12 values from 0% (o 81.6%
(Table 1).

For the seven-node comparison, Table 1 presents direct comparisons that contributed to
the NMA, Table 2 the indirect comparisons with the associated quality of evidence ratings, and
Table 3 the summary of results and quality of evidence. Moderate quality of evidence suggests
higher mortality with calcium versus sevelamer (NMA RR, 1.89 [95% CI, 1.02 to 3.50]). Given
a baseline mortality of 23% over a year this relative effect translates into an absolute mortality
increase with calcium of 43 per 1000 (95% CI 23 to 80 more. Confidence intervals for all other
comparisons included no effect. Fig 4 presents the confidence interval plot. S2 Fig in the sup-
porting information depicts the contribution plot indicating the contribution of each direct
comparison Lo indirecl and network eslimates.

$3 Tig depicts the comparison-adjusted [unnel plol using random effect models. The com-
parison-adjusted funnel plot does not indicate the presence of small study effects.

Additionally, using visual interpretation, we compared RRs and 95% Cls from the consis-
tency and inconsistency models (Table 3). The proximity of the RRs and overlap between 95%
Cls were not salisfactory for the comparisons of calcium with sevelamer and iron with sevela-
mer. We therefore rated down quality of network evidence for incoherence.

PLOS ONE | DOI:10.1371/journal.pone.0156891  June 8, 2016 6/18

20



@' PLOS | ONE

Comparative Effectiveness of Phosphate Binders in Patients with Chronic Kidney Disease

gl PRISMA 2009 Flow Diagram

Records identified through
P
database searching
c MEDLINE (n= 488); Embase (n=620);
2 CCRT (n=82) Additional records identified
g (n=1190) through other sources
b= (n=2)
c
o
=
-
S— Records after duplicates removed (n = 1040)
Duplicates (n=150)
]
=
c
3 A 4
S
L] Records screened
(n=1040) (n = 56):
-~/
- l
Full-text articles assessed
£ for eligibility
3 (n=71)
=)
: !
(n=13)
(— Studies included in
qualitative synthesis
(n=15)
; !
[1)
]
—3 Studies included in
£ quantitative synthesis
(meta-analysis)
(n=13)
—

Full-text articles excluded
due to following reasons

Trial duration less than
four weeks (n=10)
Case-report (n=1)

Study protocol (n=1)
Cross-over design (n=4)
Wrong outcome (n=12)

Wrong comparator (n=3)
Duplicate publication

Not found (n=2)
In abstract form only (n=9)
Observational study (n=1)

Fig 1. PRISMA Flow Diagram of Search Results. From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA
Group (2009). Peferred Reporting /tems tor Systematic Reviews and Mela-Analyses: The PRISMA Statement. PLoS
Med 6(6): €1000097. doi:10.1371/journal.pmed1 000097 For more information, visit www.prisma-statement.org.

doi:10.1371/journal.pone.0156891.9001

Two-node analysis: Calcium-based phosphate binders versus non-
calcium based phosphate binders

S$4, 85 and S6 Figs present the results of our conventional meta-analysis of all-cause mortality,
cardiovascular mortality and hospitalization. Fifteen studies that randomized patients to cal-
cium versus NCBPBs showed an increase in all-cause mortalily with calcium (RR 1.760 [95%
CI, 1.21 1o 2.56], moderate quality evidence) (S4 Fig). The outcome of cardiovascular mortality
was based on five studies and did not prove significant (RR, 2.54 [95% CI, 0.67 to 9.62; low
quality of evidence) (S5 Fig). The results of 3 studies suggest higher, although non-significant,
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Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition blas)

Selective reporting (reporting bias)

Stopping early for benefit or harm

[=)

B 25% 509 T5% 100%
I Bl Low risk of bias [ unciear risk of bias Bl High risk of bias

Fig 2. Risk of bias assessment; outcome: all-cause mortality. Legend: Our assessment indicated low risk of bias for missing data in about 75% of
trials. The level of blinding was adequate in only about 25% of the studies.

doi:10.1374/journal.pone. 01568919002

hospitalization with calcium than NCBPBs (RR, 1.28 [95% CL,0.94 to 1.74]; moderate quality
of evidence) (86 Fig). S2 Table presents the GRADE evidence profile associated with these
results.

Discussion
Summary of main results

"The results of this NMA provide moderate quality evidence that calcium causes higher rates of
mortality versus sevelamer among CKD-MBD patients (NMA RR, 1.89 [95% CI, 1.02to 3.50]).
"I'his is consistent with our finding of an increase in mortality with calcium versus NCBPB in
general from a conventional meta-analysis, and translates into an absolute increase in mortality

Fig 3. The network map of seven-node analysis; outcome: all-cause mortality. Legend: Edges are
weighted by precision.

doi:10.1371/journal.pone.0156891.9003
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Table 1. GRADE quality assessment of direct evidence of each pairwise treatment comparison for all-cause mortality.

Treatment Number of Study Precision Consistency Directness Publication Overall Direct Absolute
comparison head-to- Limitations bias quality of  estimate?; effect per
head evidence  RR(95%Cl) 100 treated
trials; n (95% CI)
Sevelamervs. 10,3665 Not serious Not Serious (12, Not serious  Not serious  Moderate 1.89(1.02t0 43 cases
Calcium serious 81.6%) 3.50) more (23
more to 80
more)
Sevelamervs.  3; 1303 Serious (due to  Serious Not serious Not serious Not serious  Low 1.24 (048to0 28 cases
Iron allocation (%, 0%) 3.18) more (11less
concealment) to 73 more)
Sevelamervs.  1; 60 Not serious Very Not serious Not serious  Not serious Low 0.33(0.01t0 8cases less
diet serious’ 7.87) (1less to 181
more}
Lanthanumvs,  4; 1494 Serious (due to  Not Not serious Not serious  Not serious  Moderate 117 (0.96t0 27 cases
Calcium allocation serious (1%, 0%) 1.43) more (22
concealment) less to 33
more)
Lanthanumvs  3; 408 Not serious Very Not serious Not serious  Not serious Low 092 (0.11t0 21 cases
Placebo serious' (2, 0%) 7.31) less {3 less
to 168 more)
Calcium vs diet  1; 60 Not serious Very Not serious Not serious  Not serious  Low 0.33(0.01to 8 cases less
serious’ (1% 0%) 7.87) (1 less to
181more)
Iron vs. 3; 561 Not serious Very Not serious Not serious  Not serious  Low 3.04 (040to 64 cases
placebo serious’ (1% 0% 23.31) more (9 less
t0 529 more)
Iron vs. 1; 441 Not serious Serious Not serious Not serious Not serious  Moderate  0.81(0.35t0 19 less (8
Sevelamer- 1.87) cases less to
plus-calcium- 43 more)
magnesium

For domains “Study Limitations”, “Precision”, “Consistency”, and “Directness”: Not serious, Serious, or Very serious issues. For the domain “Publication
bias": Not likely or Likely to exist. Reasons are provided when rating down. All direct comparisons begin with a “High” rating.

"Rated down two levels for imprecision;

2We employed random effect models.

Cl: Confidence interval; RR: Risk ratio.

doi:10.1371/journal.pone.0156891.6001

of 43 cases per 1000 (95% CI 23 to 80 more). Although not statistically significant, conven-
tional meta-analysis results also suggest an increase in cardiovascular mortality and hospitali-
zation with calcium versus NCBPBs.

Underlying hypothesis related to the link between type of phosphate
binders and the cardiovascular risk

Vascular smooth muscle cells can assume an osteoblast phenotype through phosphorous medi-
aled and non-phosphorous medialed systems [2,62-64]. This leads (o an increase in vascular
stiffness, afterload, and promotes left ventricular hypertrophy [2, 60-62]. Elevated calcium,
parathyroid hormone and parathyroid hormone-like peptides provoke and promote the abnor-
mal calcification process and cardiovascular diseases[63, 64]. Calcium-based phosphate bind-
ers can cause hypercalcemia and contribute to cardiovascular calcification[13]. This condition
eventually leads to cardiovascular mortality which is the leading cause of death in patients with
CKDI[65, 66]. Recently, a systematic review of the 11 RCTs including 1501 patients found that
lanthanum reduced the incidence of hypercalcemia relative to calcium [67].
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Table 2. GRADE ce ofindirect per pairwise treatment comparison for all-cause mortality.
Tr [of parator treatmentin ~ GRADE of first GRADE of second  Assessment of Final GRADE of
comparisons thedominant first order loop (inthe  contributing direct contributing direct  transitivity Indirect
absence of the first order loop, parison parison Comparison
higher order loop with the lowest
variance)
1 Sevelamer vs. Iron Low (sevelamervs.  Low (placebo vs. Not serious Low
placebo iron) iron)
2  Sevelamer vs. Calcium Moderate Moderate Not serious Moderate
Lanthanum (sevelamer vs. {lanthanum vs.
calcium) calcium)
3  Sevelamervs. Iron Low (sevelamervs.  Moderate (iron vs. Not serious Low
sevelamer plus iron) sevelamer-plus-
calcium plus calcium)
magnesium
4 Calcium vs. placebo  Lanthanum Moderate {calcium Low (lanthanumvs.  Not serious Low
vs. lanthanumy) placebo)
5  Calcium vs. lron Lanthanum placebo Moderate {calcium Low (placebo vs. Not serious Low
vs. lanthanum) iron)
6  Calcium vs. Lanthanum placebo Moderate {calcium Low (placebo vs. Not serious Low
sevelamer plus vs. lanthanum) iron)
calcium plus.
magnesium
7  Placebo vs, diet Lanthanum placebo Low (Calcium vs. Low (Lanthanum vs.  Not serious Low
diet) placebo)
8  Placebovs. Iron Low (placebo vs Moderate {Iron vs. Not serious Low
sevelamer plus iron) sevelamer plus
calcium plus calcium)
magnesium
9  Lanthanum vs. Iron Placebo Low (iron vs. Low (lanthanum vs. Not serious Low
placebo} placebo)
10 Lanthanum vs. diet Calcium Moderate {(calcium Low (calcium vs. Not serious Low
vs. lanthanum) diet)
11 Lanthanumvs. Lanthanum placebo Moderate (calcium Low (placebo vs. Not serious Low
sevelamer plus vs. lanthanum) iron)
calcium plus
magnesium
12 lIron vs. diet Sevelamer Low ( ervs.  Low (. lamervs.  Not serious
diet) iron)
13 Diet vs. sevelamer Lanthanum placebo Low (Lanthanum vs, Low (placebo vs. Not serious Low
plus calcium plus placebo) iron)

magnesium

A single first order loop for each pairwise comparison is used to GRADE indirect estimates. All indirect comparisons begin with the lower of the two
contributing direct estimates and undergo an assessment of transitivity. For the transitivity assumption: Not serious or serious to exist.

doi:10.1371/journal.pone.0156891.1002

Comparative effectiveness studies of NCBPBs have used calcium as the comparator [16].

While our meta-analysis, and that of Jamal et el. suggests increased all-cause mortality with cal-
cium compared with NCBPBs [16], this apparent benefit may be due to harmful effects of cal-
cium, rather than beneficial effects with NCBPBs. 'The harmful effect of calcium is consistent
with the role of calcium in the pathophysiology of vascular calcification |63, 64] and is also sup-
ported by studies in the general population suggesting increased cardiovascular risk with
higher levels of calcium exposure [68].

Whether the increase in mortality with calcium versus NCBPBs represents a harmful effect

of calcium versus no treatment for hyperphosphatemia, or a beneficial effect of NCBPBs,

PLOS ONE | DCI:10.1371/journal.pone.0156891
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Table 3. Direct, indirect, and NMA estimates of all-cause mortality with 95% confidence intervals and GRADE assessments for each pairwise com-
parison within the network of seven phosphate binders.

Comparison Direct estimate; RR  Quality of Indirect estimate; RR  Quality of NMA estimate; RR  Quality of
(95% CI) evidence {95% CI) evidence (95% Cl) evidence

1 Placebovs. Not available Not available 1.38(0.11 10 17.44) Low 1.38(0.11 to 17.44) Low
sevelamer

2  Lanthanumvs. Not available Not available 1.80 (0.47 10 6.82) Moderate 1.80 (0.47 10 6.82) Moderate
sevelamer

3 CalSevMag vs. Not available Not available 0.76 (0.27 t0 2.15) Low 0.76 (0.27 t0 2.15) Low
sevelamer

4  Placebo vs. calcium  Not available Not available 0.72 (0.06 10 9.10) Low 0.72 (0.06 t0 9.10) Low

5  lron vs. Calcium Not available Not available 0.89 (0.41 10 1.95) Low 0.89 (0.41 to 1.95) Low

6 CalSevMag vs. Not available Not available 0.40 (0.13101.19) Low 0.40 (0.13 10 1.19) Low
calcium

7  Dietvs. placebo Not available Not available 0.69 (0.03 t0 14.3) Low 0.69 (0.03 to 14.3) Low

8  Placebovs, Not available Not available 1.83 (0.12 to 28) Low 1.83 (0.12 to 28) Low
CalSevMag

9  Iron vs. lanthanum Not available Not available 0.95 (0.26 t0 3.41) Low 0.95 (0.26 t0 3.41) Low

10 Dietvs. lanthanum Not available Not available 0.53 (0.09 to0 3.25) Low 0.583 (0.09 to 3.25) Low

11 CalSevMag vs. Not available Not available 042 (0.1210 1.47) Low 0.42 (0.12 t0 1.47) Low
lanthanum

12 Dietvs. iron Not available Not available 0.56 {0.09 10 3.4) Low 0.56 {0.09 10 3.4) Low

13 Dietvs. CalSevMag Not available Not available 1.26 (0.34 t0 4.69) Low 1.26 (0.34 t0 4.69) Low

14  Calcium vs. 1.89 (1.02 to 3.50) Moderate 0.51 {0.03 t0 9.89) Moderate 1.35 (1.14 10 1.60) Low'
sevelamer

15 lIron vs. sevelamer 1.24 (0.48 to 3.18) Low 0.81 (0.05-11.94) Low 1.71 (0.71 to 4.11) Very low'

16 Diet vs. sevelamer 0.33 (0.01 t0 7.87) Low 0.73 (0.23 t0 2.35) Low 0.95 (0.18 t0 5.11) Low

17 Lanthanum vs. 1.17 (0.96 to 1.43) Moderate 1.03 {0.17 t0 6.33) Moderate 0.94 (0.25 10 3.55) Moderate
Calcium

18 Placebo vs. 0.92 (0.11t0 7.31) Low 0.50 (0.02 to 16.08) Low 0.77 (0.04 t0 13.22)  Low
lanthanum

19 Diet vs.calcium 0.33 (0.0110 7.87) Low 0.47 (0.07 10 2.96) Low 0.50 {0.09 t0 2.77) Low

20 Placebo vs.iron 3.04(0.401023.31)  Low 0.56 (0.03 t0 12.24) Low 0.81{0.061011.46) Low

21 CalSevMagvs. Iron  0.81(0.35 to 1.87) Moderate 0.41 (0.09 t0 1.87) Moderate 0.44 (0.13 t0 1.53) Moderate

"Rated down one level for incoherence.

CalSevMag: Calcium and sevelamer and magnesium; Cl: Confidence interval; RR: Risk ratio.

doi:10.1371/journal.pone.0156891.1003

should ideally be informed by (rials of NCBPBs versus placebo, no treatment, or a phosphorus
restricted diel. Unfortunately, our NMA provides little information in this regard: although we
were able to adduce estimates, the confidence intervals are sufficiently wide as to be uninforma-
tive (Table 3).

Thus, additional evidence is required to address this issue. Potential benefits of NCBPBs
may be particularly difficult to prove in the context of a moderate-sized randomized trial. Since
vascular medial calcification is a result of cellular differentiation, the degree to which it is
reversible is likely limited. Long nocturnal hemodialysis, for example, provides excellent bio-
chemical control and can induce negative calcium and phosphorus balance, but does not con-
sistently promote regression of vascular calcification [69-71]. Therefore, in clinical trials with
relatively short follow-up, and high attrition rates, one might not expect to see significant
reversal of established vascular calcification or major effects on cardiovascular and all-cause
mortalily.
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Treatment Effect Mean with 95%Cl
Calcium vs Sevelamer —— 1.92 (1.22,3.00)
Lanthanum —— 1.80 (0.47,8.82)
Iron ——— 1.71(0.71.4.11)
CalSevMag — 0.76 (0.27,2.15)
Placebo + 1.38 (0.11,17.44)
Diet ————— 0.95(0.18,5.11)
Lanthanum vs Calcium —_—— 0.94 (0.25,3.55)
Iron —— 0.89 (0.41,1.95)
CalSevMag - 0.40 (0.13,1.19)
Placebo 2 2 0.72 (0.06,9.10)
Diet —_— 0.50 (0.09,2.77)
Iron vs Lanthanum —— 0.95 (0.26,3.41)
CalSevMag —— 0.42(0.12,1.47)
Placebo L 2 0.77 (0.04,13.22)
Diet —_—— 0.53 (0.09,3.25)
CalSevMag vs Iron 1 0.44 (0.13,1.53)
Placebo * 0.81 (0.06,11.46)
Diet — 0.56 (0.09,3.40)
Placebo vs C A 4 .83(0.12,28.08)
Diet —— 1.26 (0.34,4.69)
Diet vs Placebp——————————4+————————  0.69 (0.03,14.30)
UL T
02505 1 23
Fig 4. The predictive interval consistency plot from the cor y model of ode ysis; out Il

mortality without a reference standard.
doi:10.1371/journal.pone.0156891.g004

Consistency of our findings with the existing evidence

Our finding that calcium leads to increased mortality versus NCBPBs is congruent with results
reported with previous systemalic reviews using head-lo-head comparisons [16]. Although
there are strong associalions belween calcium, phosphale and parathyroid hormone with sur-
vival and cardiovascular events, these measures may simply represent vigilance of care and are
not necessarily causally related to these outcomes [72, 73]. A recent systematic review exam-
ined the correlation between CKD-MBD biochemical markers and mortality and indicated a
significant negative correlation between parathyroid hormone and all-cause mortality [74].
Nevertheless, the correlation between serum calcium and phosphorus concentration and mor-
tality did not prove significant [74].

Strengths and limitations of this study

Strengths of our review include explicit eligibility crileria, a comprehensive search, and inde-
pendent duplicate assessment of eligibility. Our analysis incorporates the latest developments
in NMA statistical analysis and we applied the recently developed GRADE approach to NMA
that included assessment of transitivity assumptions for indirect evidence as well as coherence
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for combining direct and indirect evidence. This is the first systematic review and network
meta-analysis that includes iron-based phosphate binders.

The main weakness of our study was limited statistical power for a number of comparisons.
With the exception of sevelamer, we were unable to establish the impact of individual NCBPBs
on all-cause mortality in relation to calcium, nor were we able to inform the impact of any
NCBPB on mortality relative to placebo, or phosphorus diet restriction.

As previously mentioned, inadequale follow-up lime in some of the Lrials was another weak-
ness of our data. Overall, the lack of long-term outcome dala of patients with CKD-MBD
necessitates conduct of large RCTs with longer follow-up. Another option would be observa-
tional studies with longer follow-up that capture mortality if long-term RCTs are unfeasible.

Conclusions and Future Directions

CKD-MBD is a systematic condition defined by an increase in cardiovascular calcifications
and bone fragility [75]. A consensus exists regarding the need for CKD-MBD treatment to
maintain guideline recommended targets for calcium, phosphorus and parathyroid hormone
in the presumption that meeting these targets will improve quality and quantity of life [76].

Our systematic review suggests that calcium, as compared to NCBPBs in general and sevala-
mer in particular, increases all-cause mortality among CKD-MBD patients. Future studies
should slart al earlier stages of CKD, before irreversible calcification is established.

The finding of higher mortality with calcium than alternative phosphate binders, and the
possibility that this increase in mortality represents an adverse effect of calcium rather than
any benefit with NCBPB, raises serious questions about the advisability, and perhaps the ethical
acceplability, of calcium administration in patients with CKD-MBD.
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