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Abstract

Background: Many people living with chronic kidney disease (CKD) are iron deficient, even though they may not be anaemic. The Iron and Muscle study aims to evaluate whether iron supplementation reduces symptoms of fatigue, improves muscle metabolism, and leads to enhanced exercise capacity and physical function. We report here the trial design and baseline characteristics.

Methods: This is a prospective, double-blind multicentre randomised controlled trial (RCT) including 75 non-dialysis stage 3-4 CKD patients with iron deficiency but without anaemia. Patients were randomly (1:1) assigned to either: i) intravenous iron therapy, or ii) placebo, with concurrent recruitment of eight CKD non-iron deficient participants and six healthy volunteers. The primary outcome of the study is the six-minute walk test (6MWT) distance between baseline and four-weeks. An additional exercise training programme for patients in both groups was initiated and completed between 4 and 12 weeks, to determine the effect of iron repletion compared to placebo treatment in the context of patients undertaking an exercise programme. Additional secondary outcomes include fatigue, physical function, muscle strength, muscle metabolism, quality of life, resting blood pressure, clinical chemistry, safety and harms associated with the iron therapy intervention and the exercise training intervention, and hospitalisations. All outcomes were conducted at baseline, 4, and 12 weeks, with a nested qualitative study, to investigate the experience of living with iron deficiency and intervention acceptability. The cohort have been recruited and baseline assessments undertaken. 


	
Results: 75 individuals were recruited. 44% of the randomised cohort were male, the mean (SD) age was 58 (14) years, and 56% were White. Body mass index was 31 (7) kg/m2; serum ferritin was 59 (45) μg/L, transferrin saturation was 22 (10) %, and haemoglobin was 125 (12) g/L at randomisation for the whole group. Estimated glomerular filtration rate was 35 (12) mL/min/1.73 m2 and the baseline 6MWT distance was 429 (174) m. 

Conclusion: The results from this study will address a substantial knowledge gap in the effects of intravenous iron therapy, and offer potential clinical treatment options, to improve exercise capacity, physical function, fatigue, and muscle metabolism, for non-dialysis patients with CKD who are iron-deficient but not anaemic. It will also offer insight into the potential additive effects of an 8-week exercise training programme. 


Trial Registration: EudraCT: 2018-000144-25 Registered 28/01/2019.
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Background
In normal healthy individuals, iron deficiency (ID) is defined as transferrin saturation (TSAT) <16% and serum ferritin <30µg/L (1), but in people with chronic kidney disease (CKD), defined thresholds for iron deficiency are higher (ferritin <100µg/L or TSAT <20%), albeit this not evidence-based. Iron is central to oxygen uptake, transport, storage and metabolism in both skeletal and cardiac muscle (2, 3). Recently there has been increased interest in iron metabolism in skeletal muscle (4), which accounts for 10-15% of total iron body content, where iron is fundamental for oxygen storage in myoglobin, oxidative metabolism, and energy production by iron-containing mitochondrial enzymes. Early work in both animals and healthy individuals (5, 6) has shown that ID results in reduced mitochondrial enzyme activity leading to lower energy production through oxidative phosphorylation; these abnormalities appear to be restored following iron repletion (5, 7, 8). 

Traditionally, the greatest pathophysiological concerns with ID were considered to be through deficient haem synthesis, resulting in low haemoglobin concentrations. However, ID in the absence of anaemia may also have adverse effects, particularly in relation to cardiac and skeletal muscle function. This has been most extensively investigated in patients with heart failure in which those treated with intravenous iron have improved exercise capacity and symptoms including patient-reported outcomes (9-11), as early as 4 weeks and lasting up to 24 weeks after treatment compared to those receiving placebo. These findings were also demonstrable up to 12 months follow-up (12) with a significant reduction in hospitalisations. These effects were evident without any change in haemoglobin and assumed to be mediated via improvements in cardiac and/or skeletal muscle function following iron repletion. 

However, a recently published study in non-dialysis kidney patients who were non-anaemic but iron deficient did not report any statistical significant beneficial effect of iron therapy on exercise capacity at 4 or 12 weeks, but did show numerical improvements in exercise capacity measurement in the iron therapy group (13). This trial had a small sample size and there were imbalances in baseline exercise capacity between groups, which may account for the non-significant outcome. To date, there are limited data about the effects of ID on cardiac or skeletal muscle metabolism in patients with CKD (14), but it is proposed that ID contributes to mitochondrial dysfunction and reduced energy production in cardiac and/or skeletal muscle of CKD patients, and importantly may contribute to the reduced exercise capacity, physical function and fatigue commonly reported in this population (15, 16). Some studies have identified skeletal muscle mitochondrial dysfunction in CKD, which contributes to skeletal muscle dysfunction (17-19). In addition, exercise training for patients with CKD has been shown to confer a wealth of health-related benefits; however the attenuated training responses sometimes observed to exercise training are often unexplained (20). Combining exercise training with iron therapy may target the disease-related derangements in the oxygen transport chain and result in more pronounced physiological adaptations to exercise in patients with CKD (20).

Given the importance of fatigue and its consequences on patient outcomes and quality of life, timely and effective management of fatigue represents a clinical priority (16, 21). We will examine whether a routine strategy of IV iron therapy in patients with stages 3-4 CKD who are iron-deficient (Ferritin < 100 µg/L and/or TSAT<20%) but not anaemic (haemoglobin 110-150g/L) leads to improvements in exercise capacity. The results of this trial will provide data to ascertain whether intravenous iron therapy is beneficial to exercise capacity, muscle metabolism, physical function, and fatigue in patients with CKD and ID, but without anaemia, and determine its effects after an exercise intervention. We hypothesise that repleting iron stores via administration of intravenous iron will improve skeletal muscle metabolism and reduce fatigue in iron deficient patients with CKD.

Objectives
Primary Objective:
To assess the effect of intravenous iron compared to placebo on exercise capacity, as assessed by the distance walked during the 6-minute walk test (6MWT) at 4 weeks post iron infusion. 

Secondary Objectives:
The secondary objectives were: i) to assess the effect of intravenous iron compared to placebo on physical capacity, quality-of-life, and skeletal muscle metabolism at 4 weeks; and ii) to assess the effect of intravenous iron compared to placebo on physical capacity, quality-of-life, and skeletal muscle metabolism at 12 weeks following an 8-week exercise programme offered to all trial patients.

Specifically, we propose to examine whether a routine strategy of IV iron therapy in patients with stages 3-4 CKD who are iron-deficient leads to improvements in exercise capacity and the following outcomes:

Biochemical measures:
· Iron status (Ferritin, TSAT) and haemoglobin 
· Kidney function (urea, creatinine, estimated glomerular filtration rate)

Physical measures:
· VO2 peak test (in a sub-set of participants) 
· Isokinetic dynamometry (muscle strength of knee extensors) 
· Functional capacity (sit-to-stand 60 to assess lower limb function) 

Psychosocial measures:
· Quality of life (KDQOL-36) 
· Qualitative exploration of participant experience 
· The Work and Social Adjustment Scale (WSAS) 
· Chalder Fatigue Questionnaire – self-reported physical and mental fatigue 

Trial measures:
· Skeletal muscle phosphocreatine recovery half-time (PCr t1/2) on MRI spectroscopy 
· Muscle metabolism 
· Adverse events 

Exploratory objective:
An exploratory objective will be to explore the impact or iron therapy on iron regulatory genes (haemochromatosis gene (HFE), Transmembrane proteinase serine 6 (TMPRSS6) and explore any correlations with outcome measures. 

Methods:
Design, setting and participants:
This is an investigator-led multicentre double-blind randomised placebo-controlled trial of patients with stages 3-4 CKD and ID, but without anaemia, aged 18 or over. 
Brent Ethics Committee approved the protocol (19/LO/0128) and the study was prospectively registered (EudraCT: 2018-000144-25 on 28/01/2019). 

The flow of participants through the trial including recruitment, randomisation and baseline assessment is summarised in Figure 1. The study design is summarised in Figure 2. Participants were recruited from seven renal units in the UK. 

Figure 1: Trial Flowchart

Figure 2: The Iron and Muscle Study design

Recruitment and eligibility:
Potential participants were identified during routine hospital consultations and concurrent evaluation of clinical records to confirm eligibility for participation. If considered eligible for the study, they were approached by a member of the renal healthcare team who discussed the study and provided a Participant Information Sheet (PIS). After allowing the patient a minimum of 24 hours to read and consider the information in the PIS, and to consult with family members, the research team approached the patient to answer any questions. If the participant was agreeable to proceed, an appointment was made for the baseline outcome assessment. Written informed consent was obtained by a member of the research team prior to any study assessments. See Table 1 for inclusion and exclusion criteria.

Table 1. Inclusion and exclusion criteria
	Inclusion criteria:
	Exclusion criteria:

	· Patients with stage 3-4 CKD 
	· Pregnancy or breast feeding (female patients of childbearing age were asked if there was any possibility, they may be pregnant). 

	· Resting BP ≤ 160/95mmHg 
	· Body mass < 50kg

	· Serum ferritin level less than 100µg/L AND/OR transferrin saturation ≤20%
	· Kidney, kidney-pancreas and liver transplant patients

	· Haemoglobin 110–150 g/L
	· Patients with known allergy to iron therapy

	· male or female 
	· Haemochromatosis, porphyria cutanea tarda or history of acquired iron overload

	· Aged 18-80 years
	· History of intravenous iron within previous 6 weeks

	· Able to provide written informed consent.
	· Patients with CRP > 50 mg/L

	
	· Patients with serum phosphate < 0.7 mmol/L

	
	· Active infection

	
	· Current therapy with ESAs

	
	· Current oral, intravenous or topical (on legs) immunosuppressive treatment or use within previous 3 months

	
	· Uncontrolled atrial fibrillation

	
	· Use of anticoagulants in those under consideration for muscle biopsy

	
	· Unstable angina or heart attack within the last year

	
	· Presence of solid organ cancer

	
	· Known haemoglobinopathy, myelodysplasia, or myeloma

	
	· Patients with peripheral vascular or musculoskeletal disease who the investigator deems unable to carry out the 6MWT

	
	· Patients with known severe aortic stenosis or pacemaker in-situ

	
	· History of severe atopy

	
	· Severe liver disease with serum transaminases > x3 upper limit of normal range according to local laboratory values

	
	· Severe lung disease with FEV1 known to be <50% predicted in last year

	
	· Known heart failure with a left ventricular ejection fraction <45% in last year

	
	· Any other health condition considered by the local Principal Investigator to be a contraindication to IV iron. 



Iron randomisation and blinding:
Patients were randomised within 4 weeks of passing the screening requirements and were assigned in a 1:1 ratio using a secure web-based service through King’s Clinical Trials Unit. Randomisation used an approach based on randomly varying block sizes. Randomisation was stratified by a single binary variable, defined by whether patients had a screening ferritin >50µg/L or ≤50µg/L. The number of patients who went forward to randomisation was capped so that there was a maximum of 35 patients had a screening ferritin >50µg/L. 

The Ferric Carboxymaltose (Ferinject®) solution is dark brown in appearance; blinding was achieved by shielding the patients from seeing preparation of the study drug and having unblinded study personnel not involved in any study outcome assessments responsible for preparing and administering the study treatment. The study drug was prepared and administered behind a screen or curtain, and the drug administered through normal IV tubes and shielded from vision by use of light protection giving set covers. Trial-specific blood tests taken after IV iron or placebo administration was withheld from the hospital’s electronic patient records to maintain investigator blinding, in particular from ferritin levels. These blood test results were also held in a secondary secure trial database. 

Interventions:
Participants were randomised to receive either ferric carboxymaltose (Ferinject®) or placebo at the baseline visit. All participants were offered eight weeks of exercise training between week 4 and week 12 assessment visits. Participants allocated to the placebo group were followed up in routine clinic after completing the trial and offered standard treatment, including treatment for their iron deficiency if still present.

Ferric carboxymaltose (Ferinject®) group:
Participants in this group received a total iron dose of 1000 mg Ferinject® as a one-off infusion in 100 ml normal saline administered over a minimum of 15 minutes. 

Placebo group: 
Participants in this group received 100 ml normal saline administered over a minimum of 15 minutes.
	
Exercise training:
Participants were assessed at 4-weeks and offered three 1-hour sessions of exercise training each week for 8 consecutive weeks, concentrating on large muscle groups of the lower limbs. Following a 6-minute warm-up on the cycle ergometer (3 minutes of warm up at 1/3 of training workload at constant and rhythmical pace and 3 minutes of warm up at 1/2 of training workload), training involved a combination of cycle ergometry and resistance training, the latter performed on the isokinetic dynamometer machine Biodex, Mirion Technologies (Biodex), Inc. USA. To conclude, patients spent 6 minutes cooling down on the cycle ergometer (3 minutes of cool down at 1/3 of training workload and 3 minutes of cool down with very little or no resistance at slower but constant pace). Both the intensity and the duration of the exercise programme were progressively increased, as individually tolerated. Cycle ergometry was progressed from 65% to 80% of peak watts achieved during testing, determined during a graded incremental exercise test performed to peak endurance capacity, and monitored with heart rate monitors. Resistance training involved patients performing 3 sets of 10 repetitions with a 30 second rest between sets. Isokinetic knee extension at 90 degrees/sec was completed at 65-85% of the maximum torque achieved at 90 degrees flexion, which was determined using the isokinetic dynamometer. Each participant’s training programme was re-assessed and progressed at 4 weeks into the programme. The intervention was delivered by trained physiotherapy assistants, on an individual basis, in a hospital gym.

Adjusted exercise training due to COVID-19:
Due to Covid-19 related restrictions on study visits, and related patient concerns about travelling and attending hospital, patients were offered the option of completing these sessions of exercise training at home via an online kidney-specific exercise platform, called Kidney Beam 
https://beamfeelgood.com/onDemand/list/kidney-disease that was available on any technological device. All participants were offered support to sign-up to the platform and engage with the resource. Those participants who did not have access to any technological device, were offered a loan of a tablet. Each participant was provided with a heart rate monitor for use during the 8-week exercise training programme, written guidance on how to access the platform, and exercise recording sheets. 

Assessment outcomes and their measurement:

Baseline clinical information and study visits:
Following screening, willing, and eligible participants were invited to attend a baseline visit, at which baseline investigations were performed (Table 2). The baseline/randomisation visit(s) occurred no more than four weeks after the patient had successfully passed a screening visit. The assessments were split over two visits if the participant preferred. Demographic data (date of birth, sex, ethnicity, smoking status, alcohol intake, body mass index (BMI), and primary aetiology of CKD were collected and recorded. A detailed disease history including cardiovascular co-morbidity and list of concomitant medications was taken. Vital signs were recorded including blood pressure. A physical examination was not required. 

Table 2. Overview of trial schedule
	PROCEDURE

	Screen Visit
	Baseline
Visit 1
(Local site)
	Baseline Visit 2 (KCH)
	Week 4
Visit 1 (Local)
	Week 4 Visit 2 (KCH)
	Week 12
Visit 1 (Local)

	
	
	Within 4 weeks of Screening visit
	4 weeks ± 4 days from IMP Administration
	12 weeks ± 14 days from IMP Administration

	Patient information and informed consent
	X
	
	
	
	
	

	Inclusion / Exclusion criteria
	X
	
	
	
	
	

	Demographic data and medical history
	X
	
	
	
	
	

	Concomitant medications
	X
	X
	X
	X
	X
	X

	Vital Signs
	X
	X
	X
	X
	X
	X

	Weight
	X
	
	
	
	
	

	Height, weight, BMI, waist-to-hip ratio
	
	X
	
	X
	
	X

	IMP administration 
	
	
	X
	
	
	

	Exercise prescription
	
	
	
	X
	
	

	Full blood count
	X
	
	
	X
	
	X

	Ferritin & TSAT
	X
	
	
	X
	
	X

	U+E, Creatinine, LFTs, CRP
	X
	
	
	X
	
	X

	eGFR, Phosphate
	X
	
	
	X
	
	X

	Soluble Transferrin Receptor and stored sera/plasma/whole blood (EDTA)
	
	
	X
	
	X
	X

	Exercise capacity (6MWD, VO2 peak)
	
	X
	
	X
	
	X

	Muscle strength (isokinetic dynamometry)
	
	X
	
	X
	
	X

	Fatigue Severity Score (Chalder Fatigue Questionnaire)
	
	X
	
	X
	
	X

	Functional impairment (WSAS Questionnaire)
	
	X
	
	X
	
	X

	Quality of life (KDQOL-36)
	
	X
	
	X
	
	X

	Functional capacity (STS60)
	
	X
	
	X
	
	X

	MRI spectroscopy (subset of participants)


	
	
	X
	
	X
	

	PROCEDURE

	Screen Visit
	Baseline
Visit 1
(Local site)
	Baseline Visit 2 (KCH)
	Week 4
Visit 1 (Local)
	Week 4 Visit 2 (KCH)
	Week 12
Visit 1 (Local)

	
	
	Within 4 weeks of Screening visit
	4 weeks ± 4 days of IMP Administration
	12 weeks ± 14 days of Baseline visit

	Muscle metabolism via muscle biopsy (subset of participants)
	
	
	X
	
	X
	

	Qualitative Interview
	
	X
	
	
	X (if no exercise)
	X

	Adverse Events
	
	X
	
	X
	
	X

	Whole blood DNA (EDTA) (optional)
	
	
	X
	
	
	



Abbreviations: IMP: Investigational Medicinal Product; LFT: Liver Function Tests; U&E: Urea and Electrolytes; CRP: C-Reactive Protein; 6MWD 6-minute Walk Test Distance; VO2peak: Volume of Oxygen consumption; eGFR: estimated glomerular filtration rate; Hb: haemoglobin; TSAT: Transferrin saturation; WSAS: Work and Social Adjustment Scale; KDQOL36 SF1.3 Kidney Disease Quality of Life 36 questionnaire; STS60: sit to stand 60.

Baseline investigations included estimated glomerular filtration rate (eGFR) and biochemical profile (BCP), full blood count (FBC), serum ferritin (SF), transferrin saturation (TSAT) and C-reactive protein (CRP). Quantification of proteinuria was carried out by measurement of urinary protein:creatinine ratio (uPCR) or if diabetic, urinary albumin:creatinine ratio (uACR) levels in a spot urine sample using standard laboratory techniques.

Muscle biopsies for participants and controls were taken on a separate visit (baseline visit 2) as they needed to be collected following 1-2 days of physical inactivity. Patients from the other London sites participating in the muscle biopsy/MRI sub-study attended for the baseline visit 2 assessments at King’s College Hospital as per the study procedures table (supp table 3) for London sites. 

Qualitative interviews at entry to the trial were preferably completed on a further separate visit but could be combined with the main baseline or muscle biopsy visit if the participant preferred and was completed prior to administration of iron therapy or placebo. Interviews were conducted either face-to-face, in a quiet room separate from where the visit commenced, or via telephone depending upon the preference of the participant.

Follow-up Visits:
Patients completed follow-up measures at 4 weeks (± 4 days) and 12 weeks (±14 days) after treatment. 



Six Minute Walk Test:
The primary endpoint for this study was the change in 6MWT distance between baseline and 4 weeks. The outcome was also performed at 12 weeks following the 8-week exercise training programme. Distance (in metres) was measured during a self-paced, standardised 6MWT conducted around a level, 30.5m circuit (22). The walk test was completed twice following sufficient rest (20 minutes) to allow heart rate to return to resting. The results from the second test were used for analysis. 

Muscle strength testing procedure
Knee extensor isokinetic and isometric strength was measured bilaterally using a Biodex S4 Isokinetic System Pro dynamometer Mirion Technologies (Biodex), Inc. USA. Following familiarisation, patients were seated with the lateral epicondyle of the knee aligned with the axis of rotation of the dynamometer and were instructed to perform 3 sets of 5 maximal extension contractions at angular velocities of 60 degrees, 90 degrees and 120 degrees per second. The patient had a 60 second rest between each angular velocity. The highest peak torque achieved in newton meters was recorded. Isometric maximum voluntary contraction was measured using computerised dynamometry with the leg fixed at a 90 degree angle. Patients performed 3 maximal contractions with a 60 second rest between each set, and the highest peak torque in newton meters was recorded.



Sit to stand 60
Physical function was assessed by the sit-to-stand-60 (STS60) test (23), an accurate and valid measures of lower leg strength and physical function.

Peak aerobic capacity (in sub-set of patients)
VO2 peak (volume of oxygen consumption) was determined by an incremental cycling exercise tolerance protocol. Breath-by-breath gas exchange was measured using cardiopulmonary exercise testing equipment calibrated prior to each patient assessment. The exercise testing protocol started from a 3-minute unloaded cycle; followed by ramp increases in resistance of 15 watts/min until one of the following occurred: (i) a plateau in oxygen uptake, (ii) attainment of respiratory exchange ratio ≥1.15, or (iii) patient requested to stop. Average oxygen uptake of the final 20 seconds of the test was recorded as the VO2 peak (L/min). Electrocardiogram and heart rate were continuously monitored, and blood pressure (BP) was recorded every one or two minutes throughout the ramp incremental test. Rate of perceived exertion (RPE), using the CR100 RPE scale, and angina scale were recorded every minute for safety. 

Muscle biopsy procedure
Forty participants, eight iron replete controls, and six healthy controls from London-based hospitals were invited to attend King’s College Hospital for the muscle biopsy procedure at baseline and 4 weeks. Patients were asked to refrain from eating or drinking anything other than water on the morning of the biopsy. A muscle biopsy (~80-100mg, the size of a pea) was taken from the Vastus Lateralis muscle of the quadriceps group. With the patient lying supine, the skin of the thigh was thoroughly cleaned using iodine solution, and 4-5mL 1% lignocaine was injected subcutaneously as local anaesthetic. A small incision (<0.5cm) was then made through the skin, subcutaneous fat and muscle fascia at a mid-thigh and lateral position. Through this position a 11-guage microbiopsy needle was inserted and a small sample of muscle taken. Depending upon the amount of tissue collected, a second pass of the needle was performed as required from the insertion point but in an alternative orientation to avoid repeat sampling of a single site. All biopsies were performed by a trained clinician who had prior experience of the muscle biopsy procedure, and all samples were stored and processed as appropriate for subsequent analysis.

Analytical laboratory measurement of factors relevant to muscle metabolism, mitochondrial function and tissue pathology were conducted, including but not limited to:
	Mitochondrial respiration/Oxidative phosphorylation & fuel utilisation measured via OROBOROS.
	 Iron regulatory mRNA gene expression measured by qPCR (For example, Hepcidin, Hemojuvelin, Ferroportin, Trf1 receptor, and iron regulatory proteins-1 & -2).
	Protein analysis of mitochondrial abundance and biogenesis related proteins by western blot (For example, OXPHOS complex I to V, PGC1a, Porin, Atp5al, Mdufa9).
	 Mitochondrial DNA copy number as an indication of mitochondria mass.
	Protein and mRNA gene expression of molecules related to oxidative stress (for example, SOD1/SOD2, Catalase) and inflammation (for example, TNF-alpha, IL-6).
	Skeletal muscle morphology including fibre typing, cross sectional area & myoglobin density measured by immunocytochemistry.
	Mitochondrial number, appearance & cristae density measured by electron microscopy.

In addition to the CKD trial patients, a control population of 8 CKD non-iron deficient participants and 6 healthy volunteers attended a baseline visit to baseline comparative analysis and to contextualise findings from the intervention trial. 

Circulating factors in serum/plasma
Analytical laboratory measurements including but not limited to factors relevant to iron metabolism (eg. Transferrin), inflammation (eg. IL-6, TNF-a), oxidative stress (eg. TBARs) and metabolic/vascular health will be performed. Samples will be analysed at accredited external laboratories as required under service level agreements between King’s College Hospital and external contracted parties.

MRI spectroscopy 
Forty participants were invited to attend MRI spectroscopy visit at baseline and 4 weeks. Skeletal muscle PCr t1/2 was measured using 31phosphorous magnetic resonance spectroscopy (31P-MRS) on a Phillips Achieva MR scanner. This non-invasive technique enables real-time quantification of skeletal muscle energetic molecules (PCr and adenosine triphosphate ATP) during exercise and recovery in-vivo. During exercise, PCr is progressively depleted and then rapidly resynthesized during recovery. Because PCr replenishment is performed exclusively by mitochondria, the rate of PCr recovery after exertion is proportional to mitochondrial function. In addition to the CKD patients, a control population of 8 CKD non-iron deficient subjects and 6 healthy volunteers attended a baseline visit to further validate this technique. The MRI spectroscopy was performed at the King’s College London (KCL) MRI unit located at St Thomas’ Hospital by KCL staff and the research fellow. Where possible, patients having MRI spectroscopy imaging also had muscle biopsies.

Patient Reported Outcomes: Fatigue, functional impairment, and quality of life questionnaires 
Participants were asked to complete the following questionnaires at baseline to capture data about fatigue, functional impairment, and quality of life: 
· The Chalder Fatigue Questionnaire is an 11-item questionnaire measuring the severity of physical and mental fatigue on two separate subscales
· The Work and Social Adjustment Scale is a valid and reliable self-report scale of functional impairment attributable to an identified problem (i.e. fatigue)
· The Kidney Disease Quality of Life short-form 1.3 questionnaire is a preference-based measure of health (KD QoL-SF-36) questionnaire, a standardized survey used to assess patient health (21). 
Questionnaires were repeated at 4 and 12 weeks.

Safety and monitoring of the intervention
Serious adverse events were identified and documented on the eCRF at routine visits, based on participant reports and primary or secondary care reports. In addition, episodes of infection requiring hospitalisation and other infection episodes and cases of vascular access thrombosis were documented. In addition, haemoglobin, ferritin, platelet levels, and other laboratory measurements detailed above were monitored.

Other Outcomes:
Qualitative Study – people living with chronic kidney disease:
Individual semi-structured interviews were conducted to understand the impact of CKD on the lived experience, expectations of the iron and exercise interventions before the trial, and their experiences afterwards. A sample of 20 participants were interviewed at entry to and exit from the study. Participants were selected using purposive sampling to ensure varied experiences and viewpoints are represented, for example, including people in both study arms, and including people with different participation rates and response to the intervention. Interviews were conducted face-to-face or via telephone, according to participant preference, and lasted approximately one hour. Face-to-face interviews were conducted in a private room, on a separate visit or combined with the baseline visit depending on participant preference. The interviews were digitally recorded and transcribed verbatim by a professional transcription service. Thematic analysis (Braun and Clarke, 2006) was used to interpret the data and identify themes. The data was stored and managed in QSR NVivo software. 

Sample size
Primary outcome: 6MWT Distance:
The choice of endpoint measures to be studied were chosen to provide clinical relevance. Studies that have evaluated the clinically meaningful change in the distance walked on the 6MWT in patients with heart failure (24, 25) indicate that a clinically meaningful improvement in 6MWT distance is between 32m and 45m. Calculations from the FAIR-HF study (26) and a study in patients with CKD (27) suggested a clinically meaningful improvement in 6MWD of up to 40m. We have therefore taken this to be the mean clinically important difference (MCID) at the 4-week primary outcome endpoint. An estimated sample size to detect a clinically meaningful difference of 40m with a SD of 56m (derived from the higher SD reported by Tang et al (27)) at 80% power and 5% alpha revealed a requirement of 62 participants. We aimed to recruit at least 70 patients to enable dropouts and ensure that 4-week primary outcome data were collected for at least 62 patients. 
 
Other outcomes:
(i) MRI spectroscopy: Using unpublished data from the FERRIC-HF II (Okonko DO) trial assessing the impact of iron repletion on skeletal muscle phosphocreatine recovery in anaemic and non-anaemic heart failure patients, mean (±SD) phosphocreatine recovery halftime at study end was 33± 7 seconds in the non-anaemic cohort. To detect a difference of 7 seconds at 80% power and 5% alpha, we needed at least 32 patients in total. We planned to recruit 40 patients from the total sample to undergo MRI spectroscopy analyses to enable drop-out and insufficient imaging quality.

ii) Muscle biopsy: We also estimated that 40 patients from the total sample would be needed to undergo a muscle biopsy procedure at baseline and four weeks, to enable 16 participants in each arm to detect differences in proposed analyses allowing for drop-out and insufficient sampling. The team has previously performed three exercise intervention studies (28, 29) with sample sizes in each arm ranging from 11 to 18 participants. In all these studies, the team were able to detect significant differences following exercise at the molecular level. 
iii) Muscle biopsy phosphocreatine recovery: Using unpublished data from the FERRIC-HF II (Okonko DO) trial assessing the impact of iron repletion on the rate of muscle oxygen consumption in heart failure patients, mean (±SD) ex-vivo muscle oxygen consumption at study end was 0.58 ± 0.22 micromol/min/mg. To detect a meaningful difference of 0.25 micromol/min/mg skeletal muscle phosphocreatine recovery at 80% power and 5% alpha, at least 26 participants are needed, thus we aimed to recruit at least 36 patients to allow for dropouts and patients with poor quality muscle biopsies. 


Statistical analysis plan:
Descriptive analyses:
The results will be constructed according to CONSORT. To assess the comparability of randomised groups at baseline, descriptive summaries of clinical and socio-demographic variables will be presented for each study group. Means and SD will be presented for quantitative variables, and numbers and proportions for categorical variables. No significance tests will be undertaken. If any quantitative variables are highly skewed, medians and interquartile ranges will also be presented.

Descriptive summaries will similarly be provided for each outcome variable, at both 4 weeks and 12 weeks, by study group. The proportions of participants with missing data for each outcome variable will be presented by study group. Baseline characteristics of those with missing follow-up data for key outcomes will be compared descriptively to those with complete data.

Adverse events and serious adverse events (SAE), including serious adverse reactions (SAR) and suspected unexpected serious adverse reactions (SUSAR) will be tabulated. The reasons for any withdrawals from the trial will be summarised.

Analysis of primary outcome: 
The difference in means for distance walked during 6MWT (metres) at 4 weeks (primary outcome) between patients randomised to IV iron and placebo will be analysed using an ANCOVA model, using baseline 6MWT distance and the binary stratification variable ferritin (defined as whether or not baseline ferritin is over 50µg/L) as covariates (30). Data will be analysed under intention-to-treat assumptions. The mean difference and associated confidence interval will be reported. All analysis will be undertaken in Stata version 15, or a later version if available.

Analysis of secondary outcomes:
The ANCOVA described above for the primary outcome will also be performed for the 6MWT distance (metres) at 12 weeks, and for the other secondary endpoints described earlier. In each case, the baseline value of the variables and the binary stratification factor will be used as covariates.

Analysis of exploratory outcomes:
The impact of each patient’s iron regulatory genotype (e.g., HFE and TMPRSS6) on the primary and secondary objectives of this study will be assessed by adding an interaction term between genotype and trial arm. If any evidence of an interaction is found (e.g., p<0.1) then we will also report the stratified results.

Comparison with control groups at baseline:
We will explore differences at baseline in muscle metabolism (from muscle biopsy data) and MRI outcomes (from MRI spectroscopy) between the six Healthy Volunteers (HV), eight non-iron deficient CKD controls (CKD) and 40 iron deficient CKD randomised patients using one-way ANOVA. If data are highly skewed, transformation will be considered (e.g. log transformation). If differences are found, post-hoc analysis will be used to determine where differences lie between groups. 

Statistical considerations:
Time points
Data recorded outside of these time windows will be included in the primary ITT analysis. However, a sensitivity analysis excluding these data points will be performed to assess if this makes any considerable difference to the model results.

Stratification
As the stratification variable was necessarily dichotomised in the design stage, the ANCOVA will also use the dichotomised form. However, sensitivity analysis using the continuous form of the stratification variable will also be performed to ensure substantive conclusions are not highly dependent on the dichotomisation (31). 

Clustering
It is unlikely that there will be large variation between centres on the primary outcome. Therefore, as this is a relatively small trial with a low number of centres, and some centres with a small number of patients, it is unlikely that any small variation between centres can be accurately modelled, and so centre will not be included in the analysis as a fixed effect. However, variation in centre can be included as a random intercept as a sensitivity analysis without sacrificing many additional parameters, an approach that often has advantages over fixed effect models (32). 

Missing items in scales and subscales
Questionnaire-based variables to be analysed are the Chalder Fatigue Questionnaire, KDQOL-36 (16), and the Work and Social Adjustment Scale (WSAS). The number (%) with complete data will be reported. Where questionnaire-specific guidance is available for the treatment of missing items in the construction of scales, this will be used. Where such guidance is not available, the King’s Clinical Trials Unit guideline will be followed, i.e. scales will be pro-rated for an individual if 20% or fewer items are missing. For example, in a scale with 10 items, pro-rating will be applied to individuals with 1 or 2 items missing. The average value for the 8 or 9 complete items will be calculated for that individual and used to replace the missing values. 

Missing baseline data
We expect baseline 6MWD data to be nearly complete, if not fully complete. It is unlikely that excluding any patients with missing baseline data will bias treatment effect estimates or lead to much loss of precision, if any (33), and so a complete case analysis will be undertaken in such a scenario. 

Missing outcome data
[bookmark: _Hlk44334681]If there are missing data for the primary outcome of 6MWT at 4 weeks, several strategies will be considered. If missingness is below 5%, and missingness is not thought to be isolated to a particular clinically relevant subgroup, then a complete-case analysis (CCA) will be performed (34). If there is more than 5% missing data, then alternative approaches will be used.

If participants with missing 4-week 6MWT data have post-randomisation variables predictive of missingness of 4-week 6MWT (e.g., 12-week 6MWT) and predictive of the 4-week 6MWT values themselves, then a linear-mixed model (LMM) will be performed. This will assume that the missing data is missing at random (MAR) conditional on these post-randomisation variables. Unlike CCA, a LMM can include potentially informative post-randomisation variables without impacting the treatment effect estimates. LMMs also perform similarly to multiple imputation (MI) in such a multivariate scenario (SAP15), whilst not requiring completeness of the post-randomisation auxiliary variables. Although it is unlikely that most participants with missing 4-week 6MWT will have 12-week 6MWT data, there may be other post-randomisation variables associated with 4-week 6MWT and its missingness. 

If such post-randomisation variables are not present, patterns of missingness in baseline variables will be assessed. If the data is thought to be MAR conditional on observed baseline variables, then a complete-case analysis (CCA) adjusted for variables predictive of missingness will be performed. Under the MAR assumption, this gives unbiased and efficient treatment effect estimates, and generally performs better than alternative methods like MI (33).

If there is evidence of an interaction being predictive of both the outcome and missingness of the outcome (e.g., see “Method for handling the impact of COVID-19” section below), then MI will be used instead of the LMM and adjusted-CCA approaches outlined above. MI has the flexibility to handle both the interaction term and the other variables predictive of missingness and gives an unbiased estimate of the average treatment effect (ATE) in the analysis model (33). 

The impact of the MAR assumption in all the above approaches will be assessed via a sensitivity analysis, in which a range of plausible values for the missing outcome data will be assumed, and corresponding treatment effect ranges reported.

For the primary outcome variable (6MWT), there may be cases where the participant has recorded a value for the first test but does not have a value for the second test (which is what will be used in the analyses). As it is likely such values will be generated under a missing-not-at-random mechanism, these values will not be included in the primary analysis. 

Method for handling non-compliance (per protocol/CACE analyses):
The IV iron or placebo administration comprises a single intravenous bolus, given by the unblinded research nurse at the baseline visit (or shortly after) as per the prescription. Non-adherence with treatment is therefore likely to be low, and so no per protocol/CACE analyses will be undertaken. 

Model assumption checks:
Residual plots in all ANCOVA models described above will be checked for normality and homoscedasticity and inspected for outliers and influential points. If any outcome measures have a highly skewed distribution, a transformation of the outcome (e.g., logarithm) may also be considered. The primary outcome (6MWT) is considered likely to be normally distributed.
If there are high degrees of heteroscedasticity then robust standard errors will be considered. If there are any strong outliers then nonparametric (e.g. re-sampling) methods will be considered as an alternative.

Method for handling the impact of COVID-19:
The characteristics of patients recruited before and after the COVID-19-related study pause will be compared, as suggested by Meyer et al, 2020 (35). 

We will first investigate whether the binary variable of being recruited before or after the study break is associated with the primary outcome of 6MWT at 4-weeks. If so, we will see whether this change is additive (e.g., patients post-break walk on average 50m less than patients pre-break) or multiplicative (e.g. patients post-break walk on average 10% less than patients pre-break). If additive, then it is likely there is no interaction, and so a binary variable indicating their before/after break status will be included as a covariate in the outcome model as a sensitivity analysis. If multiplicative, then this would suggest there may be an interaction. In this case we will perform a sensitivity analysis by adding an interaction term between treatment arm and before/after break status. If there is some evidence of an interaction (e.g., p<0.1) then we will also present the results stratified by before/after break status as a further sensitivity analysis. 

The same procedure above will also be performed for the 12-week 6MWT and other outcome variables too. The 12-week 6MWT outcome may be more likely to have an interaction between treatment arm and before/after break status, due to the change in delivery format of the exercise training taking place between weeks 4 and 12. Some of the questionnaire-based outcomes may also be associated with before/after break status. 

With regards to missing data, any patients with missing outcome data due to a COVID-19-related site closure will be treated as missing completely at random (MCAR) and excluded from the final primary analysis. 

We anticipate that the number of patients becoming infected with COVID-19 during the 4-week window between baseline and the primary outcome timepoint will likely be very low, and so any patients with a missing primary outcome due to COVID-19 infection will be excluded (34). A similar rationale will also be assumed for all other outcome variables in this case. 

If before/after break status is associated with missingness of an outcome and associated with the outcome value itself (but no interaction), then before/after break status will be treated as a baseline variable predictive of missingness as described in the “Missing outcome data” section above and included as a covariate in a CCA. 

If before/after break status is associated with missingness of an outcome, and there exists an interaction between this status and the treatment arm, then MI will be used to handle missing data in the primary analysis, as described in the “Missing outcome data” section above. The imputation model will include this interaction as a covariate, together with other variables predictive of missingness and of the outcome. 

Data monitoring and quality assurance:
The trial is coordinated by a Trial Management Group (TMG). A Trial Steering Committee (TSC) was established to oversee conduct and progress of the trial. An Independent Data Monitoring Committee (IDMC) monitored patient safety and treatment efficacy data.

Baseline Characteristics of Randomised Participants
The baseline characteristics are presented in table 3 and 4. 75 participants were randomised including 33 (44%) males. The mean (SD) age was 58 (14) years. 56% of the randomised population was white, 20% was Asian, and 21% was Black African/Black Caribbean. The mean (SD) weight was 84 (18) kg, and most participants were classified as obese with a mean (SD) body mass index 31 (7) kg/m2. Serum ferritin was 59 (45) μg/L, transferrin saturation was 22 (10) % and haemoglobin was 125 (12) g/L at randomization for the whole group. Mean (SD) serum creatinine was 175 (71) μmol/L and eGFR was 35 (12) mL/min/1.73 m2. The mean (SD) 6MWT distance was 429 (174) m. 
	Table 3. Mean (SD) and Median (IQR) baseline characteristics in all randomised participants (intention to treat population).



	Characteristic
	N
	N = 751

	Sex
	75
	

	Male
	
	33 (44%)

	Female
	
	42 (56%)

	Age at registration
	75
	58 (14), 58 (50, 69)

	Ethnicity
	75
	

	White
	
	42 (56%)

	Asian
	
	15 (20%)

	Black
	
	16 (21%)

	Mixed
	
	1 (1.3%)

	Other
	
	1 (1.3%)

	Smoking status
	71
	

	Current smoker
	
	6 (8.5%)

	Ex-smoker
	
	12 (17%)

	Non-smoker
	
	53 (75%)

	Main cause of renal failure
	74
	

	Diabetic nephropathy
	
	12 (16%)

	Glomerular disease
	
	2 (2.7%)

	Hypertension
	
	20 (27%)

	Tubulointerstitial disease
	
	3 (4.1%)

	Renovascular disease
	
	1 (1.4%)

	Polycystic kidney disease
	
	11 (15%)

	Other
	
	16 (22%)

	Unknown cause
	
	9 (12%)

	History of kidney transplantation
	69
	3 (4.3%)

	History of myocardial infarction
	74
	2 (2.7%)

	History of ischemic heart disease
	74
	5 (6.8%)

	History of stroke/TIA
	74
	1 (1.4%)

	History of heart failure
	74
	0 (0%)

	History of peripheral vascular disease
	74
	2 (2.7%)

	History of atrial fibrillation
	74
	0 (0%)

	History of hypertension
	74
	50 (68%)

	History of diabetes
	74
	22 (30%)

	History of cancer (excluding skin cancers)
	74
	4 (5.4%)

	History of hyperlipidaemia
	74
	26 (35%)

	1n (%); Mean (SD), Median (IQR)




Table 4. The mean (SD) and median (IQR) baseline clinical values in all randomised participants (intention to treat population).
	Characteristic
	N
	N = 741

	Haemoglobin (g/L)
	71
	125 (12)

	Platelet count (x10^9/L)
	71
	236 (62), 229 (197, 281)

	Ferritin (ug/L)
	69
	59 (45), 52 (35, 71)

	Transferrin saturation (TSAT) (%)
	70
	22 (10), 20 (17, 25)

	Urea (mmol/L)
	66
	11.6 (5.4), 10.0 (8.0, 14.0)

	Sodium (mmol/L)
	72
	139.79 (2.33), 140.00 (138.00, 141.00)

	Potassium (mmol/L)
	72
	4.57 (0.60), 5.00 (4.00, 5.00)

	Creatinine (umol/l)
	72
	175 (71), 140 (126, 228)

	Serum phosphate (mmol/L)
	67
	1.15 (0.20), 1.10 (1.00, 1.30)

	Serum albumin (g/L)
	73
	42.85 (2.86), 43.00 (41.00, 45.00)

	Total Protein (g/L)
	54
	70.8 (5.4), 71.0 (68.0, 74.0)

	CRP (mg/L)
	68
	4.4 (4.3), 3.0 (2.0, 5.0)

	eGFR (ml/min/1.73m2)
	72
	35 (12), 37 (24, 43)

	SBP
	72
	134 (16), 135 (124, 144)

	DBP
	72
	78 (10), 79 (73, 85)

	Heart rate (bpm)
	72
	76 (13), 75 (67, 86)

	Height (cm)
	72
	166 (11), 165 (158, 173)

	Weight (kg)
	72
	84 (18), 80 (72, 92)

	Waist circumference (cm)
	71
	105 (16), 105 (96, 114)

	Hip circumference (cm)
	71
	112 (13), 109 (103, 120)

	Body mass index
	72
	31 (7), 29 (26, 35)

	6MWT Distance (metres)
	70
	429 (174), 480 (360, 543)

	STS60 (Number of repetitions)
	70
	24 (8), 24 (18, 29)

	VO2 peak (L/min) 
	45
	1.36 (0.48), 1.34 (0.99, 1.62)

	VE/VCO2 slope (mL/kg/min) 
	45
	33.5 (5.5), 32.6 (29.2, 36.3)

	Muscle strength
  Right Leg: Highest peak torque achieved  at 60 degrees angular velocity (newton meters)
	70
	97 (44), 90 (68, 117)

	  Right Leg: Highest peak torque achieved at 90 degrees angular velocity (newton meters)
	70
	94 (43), 88 (67, 123)

	  Right Leg: Highest peak torque achieved at 120 degrees angular velocity (newton meters)
	70
	84 (39), 77 (58, 110)

	  Right Leg: Isometric maximum voluntary contraction (90-degree angle): Highest peak torque (newton meters)
	70
	132 (66), 118 (85, 163)

	  Left Leg: Highest peak torque achieved at 60 degrees angular velocity (newton meters)
	67
	92 (44), 86 (61, 120)

	  Left Leg: Highest peak torque achieved at 90 degrees angular velocity (newton meters)
	67
	83 (39), 79 (51, 107)

	  Left Leg: Highest peak torque achieved at 120 degrees angular velocity (newton meters)
	67
	76 (33), 74 (48, 95)

	  Left Leg: Isometric maximum voluntary contraction (90-degree angle): Highest peak torque (newton meters)
	67
	124 (61), 114 (79, 150)

	 Right leg dominant leg
	68
	55 (81%)

	Chalder Fatigue Score
	73
	17.2 (5.7), 16.0 (12.0, 22.0)

	WSAS total score
	72
	15 (12), 12 (6, 24)

	WSAS sub-scales
	72
	

	Mild functional impairment
	
	31 (43%)

	Moderately severe functional impairment
	
	18 (25%)

	Severe functional impairment
	
	23 (32%)

	KDQOL-36 SF1.3
  SF-12 Physical Health Composite
	71
	40 (12), 38 (31, 52)

	  SF-12 Mental Health Composite
	71
	43 (11), 42 (36, 54)

	  Burden of kidney disease (k=4)
	72
	66 (29), 75 (44, 94)

	  Symptoms/problems (k=12)
	72
	75 (20), 78 (64, 89)

	  Effects of kidney disease (k=8)
	71
	78 (22), 82 (70, 94)

	
1Mean (SD), Median (IQR)



Abbreviations: BMI: body mass index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; Hb: Haemoglobin; 6MWT 6-minute Walk Test; VO2peak: Volume of Oxygen consumption; eGFR: estimated glomerular filtration rate; TSAT: transferrin saturation; WSAS: Work and Social Adjustment Scale; KDQOL36 SF1.3 Kidney Disease Quality of Life 36 questionnaire; STS60: sit to stand 60

Prior Cardiovascular Events and Risk Factors
A history of major adverse cardiovascular events affected the minority of participants (See Table 4); prior stroke and myocardial infarction (MI) were present in 1 and 3% of the cohort, respectively. There was history of heart failure (HF), and peripheral vascular disease was recorded for only 3% of participants. At baseline, 68% had hypertension, 30% had diabetes, 35% had hyperlipidaemia and 75% had never smoked.

Discussion
Adequately powered studies that have investigated functional improvement in non-anaemic iron deficient CKD patients treated with IV iron are warranted. To date, there is a dearth of data, and a shortfall of knowledge, to address important patient reported symptoms of fatigue and exercise capacity in patients with CKD, in contrast to abundant and increasing data in the heart failure population (14).

Explorative studies that examine muscle function and structure, including mitochondrial function, may provide mechanistic insights into the role of iron therapy as a potential intervention to target the disease-related derangements in the oxygen transport chain. Investigating the further effects of an exercise training programme will provide insight into potential complementary interventions to promote physical function and capacity. 

This randomised double blinded placebo-controlled trial may inform clinical practice in the management of non-anemic CKD patients with iron deficiency, as per current guidelines, to improve exercise capacity, and potentially improve quality of life and symptoms of fatigue. 

The baseline demographic data of the iron and Muscle trial cohort revealed a more representative sample from all ethnic origins, when compared with previous studies (36). There is a known under-representation of ethnic minorities in clinical trials (37-39), and it is reassuring that our sample is representative of the clinical population. All clinical values were within normal parameters and were similar to values in previous studies (36).
 
The results of the Iron and Muscle trial will address a significant knowledge gap in the promotion and prescription of iron therapy for patients with CKD, and the potential role of exercise training as a complementary therapy to further reduce exertional fatigue. 
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[bookmark: _Toc125456850]Recruitment and Study Delivery
	Participants
	Overall
Recruitment Target
	Target for  Sample Size
	Overall Recruited
	Withdrawn/lost to follow up
	Completed 4-Week Visit
	Completed
12-Week Visit

	Iron deplete
	70
	62
	75
	7
	64
+4 Questionnaire Only
	44
6 Questionnaire Only
2 Covid DNA

	Iron Replete
Control
	8
	8
	8/8
	-
	-
	-

	Healthy
Control
	6
	6
	6/6
	-
	-
	-



We randomised 75 patients, of which 64 completed the primary outcome assessment (6MWT at 4-week) and 44 completed their 12-week visit.  The last patient was recruited on 12th Nov 2021 but withdrew.  The last patient to be recruited AND randomised was on 4th Nov 2021.  The last patient visit was on 21st Feb 2022 for their 12 week assessment.

We also reached the recruitment target for the control participants (8 CKD replete and 6 healthy controls) and they have completed all of their MRI and muscle biopsy visits.
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Inclusion and Exclusion criteria
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4 WEEK Assessment Visit(s)
12 WEEK Assessment Visit(s)
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The graph below shows the overall recruitment timeline for CKD deplete patients. 







[bookmark: _Toc125456853]Recruitment at Site Figures
Tables below showing final patient recruitment by sites, their screening and baseline visit contribution. 

	
	Screening
	Baseline

	
	N = 99
	N = 75

	St Helier
	3 (3.0%)
	3 (4.0%)

	Guy’s
	14 (14%)
	11 (15%)

	King’s
	48 (48%)
	40 (53%)

	Royal London
	10 (10%)
	6 (8.0%)

	St George’s
	3 (3.0%)
	2 (2.7%)

	Salford
	14 (14%)
	6 (8.0%)

	Leicester
	7 (7.1%)
	7 (9.3%)



[bookmark: _Toc125456854]Muscle Biopsy and MRI Completion

	Participants 
	Target 
	Baseline Completed 
	4-Week Completed 

	 
	 
	MRI                   Biopsy 
	MRI                   Biopsy 

	CKD Deplete 
	40 
	41/40                38/40 
	35/40                  36/40 

	Healthy 
	6 
	6/6                     6/6 
	6/6                      6/6 

	Iron Replete 
	8 
	8/8                     8/8 
	8/8                      8/8 
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	Deliverables
	Completion Date
	

	Recruitment
	4th Nov 2021 – Last patient recruited and randomised
12th Nov 2021 – Last patient recruited but withdrew
	76 Participants
(64 with Primary outcome data)

	MRI Scan & Muscle biopsy Procedure
	31st October 2021
	40 participants

	Last patient Visit
	21st Feb 2022
	· 

	Database Lock 
	25th Feb 2022
	· 
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Abstract

Background: People living with chronic kidney disease (CKD) are often iron deficient, even though they may not be anemic. The Iron and Muscle trial evaluated whether iron supplementation leads to enhanced exercise capacity and physical function and explored the potential complimentary effect of exercise training.

Methods: Prospective, multicenter double-blind randomized controlled trial (RCT) of non-dialysis dependent patients with CKD and iron deficiency but without anemia (Hb > 110 g/l). Patients were randomly assigned (1:1) to either:  intravenous (IV) iron therapy, or placebo. An 8-week exercise training programme was introduced to all participants at week 4 post therapy. Primary outcome was the mean difference in exercise capacity, assessed by six-minute walk test (6MWT) distance, between groups at 4 weeks. Secondary outcomes included: 6MWT at 12 weeks, and iron status, hemoglobin (Hb), renal function, VO2 peak test (in a subset of participants), muscle strength, physical and mental fatigue, functional capacity, quality of life and adverse events at baseline, 4, and 12 weeks. Mean differences for all outcomes between groups were analysed using ANCOVA models.

Results: Among the 75 patients randomized, the mean (SD) age for iron therapy (n=37) vs placebo (n=38) was 54 (16) vs.  61 (12) yrs; eGFR [34 (12) vs. 35 (11) ml/min/1.73m2], transferrin saturation (TSAT) [23 (12) vs. 21 (6)] %; serum ferritin (SF) [57 (64) vs. 62 (33)] μg/L; Hb [122.4 (9.2) vs. 127.1 (13.2) g/L]; and 6MWT [384 (195) vs. 469 (142) metres] at baseline, respectively. No significant difference was observed for the primary outcome, 6MWT distance, between groups at 4 weeks. Adjusting for baseline measurements, there were significant increases in SF and TSAT at 4 and 12 weeks (p<0.02), and Hb at 12 weeks (p=0.009). There were no differences between groups in other secondary outcomes and no adverse events attributable to iron therapy were reported.

Conclusion: This trial demonstrated no significant beneficial effect of IV iron therapy on exercise capacity at 4 weeks despite improvements in parameters of iron status and Hb in patients with non-dialysis dependent CKD. A larger study will be needed to explore the potential mechanisms of complimentary exercise training in addition to iron therapy.

Trial Registration: EudraCT: 2018-000144-25 Registered 28/01/2019.

Key Words: Iron; chronic kidney disease; exercise; physical activity; muscle metabolism; quality of life; fatigue.








Background
Iron is central to oxygen uptake, transport, storage and metabolism in both skeletal and cardiac muscle (1, 2). Skeletal muscle accounts for 10-15% of total iron body iron content, where iron is fundamental for oxygen storage in myoglobin, oxidative metabolism, and energy production by iron-containing mitochondrial enzymes (3). Studies in both animals and healthy individuals (4, 5) have shown that iron deficiency (ID) results in reduced mitochondrial enzyme activity leading to lower energy production through oxidative phosphorylation. These abnormalities are restored following iron repletion (4, 6, 7). This phenomenon has been studied in patients with heart failure treated with intravenous (IV) iron exhibiting improved exercise capacity and patient-reported outcomes (8-10) as early as 4 weeks and lasting up to 24 weeks after treatment compared to those receiving placebo. These findings persisted up to 12 months post therapy (11) and the effects were evident without any significant change in haemoglobin (Hb), suggesting that the effects were mediated via improvements in cardiac and/or skeletal muscle function following iron repletion. 

Studies have identified skeletal muscle mitochondrial dysfunction in chronic kidney disease (CKD), which may contribute to skeletal muscle dysfunction (12-14). It has been suggested that ID contributes to mitochondrial dysfunction and reduced energy production in cardiac and/or skeletal muscle of patients with CKD, and importantly may contribute to the reduced exercise capacity, physical function, and fatigue commonly reported in this population (15, 16). There is a dearth of studies exploring the effect of iron repletion on cardiac or skeletal muscle metabolism in non-anemic patients with CKD (17). A recent trial in non-dialysis dependent kidney patients who were iron deficient but not anemic reported no significant improvements in exercise capacity or patient reported outcomes at 4 or 12 weeks following iron repletion (18). 

Exercise training for patients with CKD has been shown to be beneficial for improving exercise capacity (19); however, the limited training responses observed in some patients remain unexplained (20). It is possible that combining exercise training with iron therapy could target disease-related derangements in the oxygen transport chain and result in enhanced physiological adaptations to exercise in patients with CKD (20).

In this trial, we examined whether a strategy of IV iron therapy in patients with stages 3-4 CKD who were iron-deficient (ferritin (SF) <100 µg/L and/or transferrin saturation (TSAT) </= 20%) but not anemic (Hb 110-150g/L) leads to improvements in exercise capacity, physical function, and fatigue, and explored the effects of combined exercise training and iron therapy.

Objectives
Primary Objective
To assess the effect of IV iron therapy compared to placebo on exercise capacity, measured by the distance walked during the 6-minute walk test (6MWT) at 4 weeks post iron infusion. 

Secondary Objectives
To assess the effect of IV iron therapy compared to placebo on exercise capacity (6MWT) at 12 weeks, and iron status (Ferritin, TSAT) and Hb, kidney function (urea, creatinine, estimated glomerular filtration rate), VO2 peak test (in a sub-set of participants), isokinetic dynamometry (muscle strength of knee extensors), functional capacity (sit-to-stand 60), quality of life (KDQOL-36),  The Work and Social Adjustment Scale (WSAS),  the Chalder Fatigue Questionnaire and adverse events at 4 and 12 weeks. Skeletal muscle phosphocreatine recovery half-time (PCr t1/2) on MRI spectroscopy (n=40 patients at baseline and week 4), muscle metabolism (at baseline and 4 weeks), the impact or iron therapy on iron regulatory genes (HFE, TMPRSS6), and a qualitative exploration of participant experience was assessed as part of the study but are not reported here.

Methods
This was an investigator-led multicenter double-blind randomized placebo-controlled trial of patients with stages 3-4 CKD and ID, but without anemia, aged 18 or over. Study design, flow of participants through the trial and methods have previously been reported (21). The trial was funded by Kidney Research UK and supported by an unrestricted grant from Vifor (with donation of ferric carboxymaltose for the trial). Brent Ethics Committee approved the protocol (19/LO/0128) and the study was prospectively registered (EudraCT: 2018-000144-25 on 28/01/2019). 

Adults with established non-dialysis dependent CKD stages 3-4 who had a serum ferritin (SF) of less than 100µg/L and/or a transferrin saturation (TSAT) of less than 20% but no anemia (defined in this study as a Hb 110-150 g/L for both males and females) were eligible to participate. Full eligibility criteria are provided in the protocol paper (21).

Randomization, treatment and follow-up
Patients were randomized within 4 weeks after meeting screening requirements and were assigned in a 1:1 ratio using a secure web-based service supported by King’s Clinical Trials Unit. Randomization used an approach based on randomly varying block sizes. Randomization was stratified by a single binary variable, defined by whether patients had a screening ferritin >50µg/L or ≤50µg/L, with planned capping so that a maximum of 35 patients had a screening ferritin >50µg/L. 

Participants were randomized to receive either 1000 mg ferric carboxymaltose (FCM) (Ferinject®) in 100ml normal saline or 100 ml normal saline placebo only as a one-off infusion at the baseline visit.  Patients were blinded to the treatment that they received, and all outcome assessments were performed by blinded research assistants who were unaware of group allocation. All participants were offered eight weeks of exercise training between week 4 and week 12 assessment visits. 

The exercise training programme has been reported previously (21). Briefly, participants were assessed at 4 weeks and offered three 1-hour sessions of exercise training each week for 8 consecutive weeks, concentrating on large muscle groups of the lower limbs. The intervention was delivered by trained physiotherapy assistants, on an individual basis, in a hospital gym. Due to Covid-19 related restrictions on trial visits, and related patient concerns about travelling and attending hospital, some patients were offered the option of completing these sessions of exercise training at home via an online kidney-specific exercise platform, called Kidney Beam (22) https://beamfeelgood.com/onDemand/list/kidney-disease that was freely available on any technological device via the Internet. Each participant was provided with a heart rate monitor for use during the 8-week exercise training programme, written guidance on how to access the platform, and exercise recording sheets. 

Study Schedule
Full trial schedule has been reported previously (21). Briefly, eligible participants were invited to attend a baseline visit, with follow up at 4 weeks (±4 days) and 12 weeks (±14 days) after treatment. Assessments included 6MWT distance, estimated glomerular filtration rate (eGFR) and biochemical profile (BCP), full blood count (FBC), SF, TSAT and C-reactive protein (CRP), Urinary protein:creatinine ratio. Knee extensor isokinetic and isometric muscle strength was measured bilaterally using a Biodex S4 Isokinetic System Pro dynamometer Mirion Technologies, physical function was assessed by the sit-to-stand-60 (STS60) test (23), and peak aerobic capacity (VO2 peak) was measured in a sub-set of participants. Patient reported outcome measures included the Chalder Fatigue Questionnaire, the Work and Social Adjustment Scale and the Kidney Disease Quality of Life Short-Form 1.3 questionnaire.

Trial endpoints
The primary endpoint was the 6MWT distance at 4 weeks which was selected to provide clinical relevance. Studies that have evaluated the clinically meaningful change in the distance walked on the 6MWT in patients with heart failure (24, 25) suggested a distance between 32 m and 45 m. Estimations from the FAIR-HF study (26) and a study in patients with CKD (27) suggested a clinically meaningful improvement in 6MWT of up to 40 m which was selected to inform the sample size of our study.  The estimated sample size to detect a difference of 40m with a SD of 56m (derived from the higher SD reported by Tang et al (27)) at 80% power and 5% alpha was 62 participants. We aimed to recruit at least 70 patients to enable dropouts and ensure that 4-week primary outcome data were collected for at least 62 patients. 

Secondary endpoints included exercise capacity (6MWT) at 12 weeks, and ferritin, TSAT and Hb, urea, creatinine, estimated glomerular filtration rate, VO2 peak test (in a sub-set of participants), muscle strength, STS60, KDQOL-36 questionnaire, the WSAS questionnaire, the Chalder Fatigue questionnaire, and adverse events at 4 and 12 weeks. 

Serious adverse events were identified and documented at routine visits, based on participant reports and primary or secondary care reports. In addition, episodes of infection requiring hospitalization and other infection episodes and cases of vascular access thrombosis were documented. Hemoglobin, SF, platelet levels, and other laboratory measurements detailed above were monitored.

Qualitative exploration of participant experience, PCr t1/2 on MRI spectroscopy, muscle metabolism and the impact of iron therapy on iron regulatory genes (HFE, TMPRSS6) were measured as part of the study but are not reported here.

Statistical analyses 
A full description of the statistical analysis plan, including COVID-19 considerations, is reported elsewhere (21). All data were analyzed in accordance with an intention-to-treat principle. For the primary outcome, the difference in means for distance walked during 6MWT (metres) at 4 weeks (primary outcome) between patients randomized to IV iron therapy and placebo were analyzed using an ANCOVA model, using baseline 6MWT distance and the binary stratification variable SF (defined as whether baseline SF is over 50µg/L) as covariates. The ANCOVA analyses were also performed for the 6MWT distance (metres) at 12 weeks, and for the other secondary endpoints. In each case, the baseline value of the variables and the binary stratification factor were used as covariates. All analyses were undertaken in R and Stata version 17. We investigated whether any impact of COVID19 break on the primary endpoint and 12 week’s endpoints in a sensitivity analysis.


Data monitoring and quality assurance
The trial was coordinated by a Trial Management Group (TMG). A Trial Steering Committee (TSC) was established to oversee conduct and progress of the trial. An Independent Data Monitoring Committee (IDMC) monitored patient safety and treatment efficacy data.

Results
Baseline Characteristics of Randomized Participants
The baseline characteristics of the full trial population are published elsewhere (21). Briefly, 75 participants were randomized including 32 (43%) males. The mean (SD) age was 57 (14) years. The characteristics of the two groups of the trial were similar at baseline, although there was a 7-year age difference between treatment group (n = 38; mean (SD) age 54 (16) years) and placebo group (n = 37; mean (SD) age 61 (12) years). There was a larger proportion of females in the placebo group compared to the IV iron group (65% versus 50%), and there was a difference in the mean (SD) baseline distance covered during the 6MWT (384 (195) meters in the treatment group vs 469 (142) meters in placebo treated patients (Table 1). Overall, about half of patients (49%) were recruited before the COVID19 break and similarly in each arm (47% and 51% in IV Iron and Placebo respectively).
Table 1: Baseline demographic data; total number of available data (Nd), mean (Standard deviation (SD)) and ranges [Min, Max], number (n) or percentage (%) for all patients and for the two randomized groups			
	
	
	Overall
N = 75
	
	IV Iron
N = 38
	
	Placebo
N = 37

	
	n¶
	
	n¶
	
	n¶
	

	Age (years) 
	75
	57 (14),
[23, 81]
	38
	54 (16),
[23, 81]
	37
	61 (12),
[29, 78]

	Sex
	75
	
	38
	
	37
	

	Male
	
	32 (43%)
	
	19 (50%)
	
	13 (35%)

	Female
	
	43 (57%)
	
	19 (50%)
	
	24 (65%)

	Ethnicity
	75
	
	38
	
	37
	

	White
	
	42 (56%)
	
	20 (53%)
	
	22 (59%)

	Asian
	
	15 (20%)
	
	9 (24%)
	
	6 (16%)

	Black
	
	16 (21%)
	
	7 (18%)
	
	9 (24%)

	Mixed
	
	1 (1.3%)
	
	1 (2.6%)
	
	0 (0%)

	Other
	
	1 (1.3%)
	
	1 (2.6%)
	
	0 (0%)

	Smoker
	71
	
	35
	
	36
	

	Yes: Current smoker
	
	6 (8.5%)
	
	3 (8.6%)
	
	3 (8.3%)

	Yes: previous smoker
	
	12 (17%)
	
	5 (14%)
	
	7 (19%)

	Non
	
	53 (75%)
	
	27 (77%)
	
	26 (72%)

	Height (cm)
	72
	166 (11),
[142, 193]
	36
	168 (12),
[146, 193]
	36
	164 (10),
[142, 185]

	Weight (kg)
	72
	84 (18),
[58, 151]
	36
	83 (20),
[58, 151]
	36
	84 (16),
[60, 129]

	Waist circumference (cm)
	72
	105 (15),
[73, 150]
	36
	103 (17),
[73, 150]
	36
	107 (14),
[79, 140]

	Hip circumference (cm)
	72
	112 (13),
[83, 147]
	36
	110 (14),
[83, 147]
	36
	114 (11),
[97, 140]

	Body Mass Index (kg/m2)
	72
	31 (7),
[20, 54]
	36
	30 (7),
[21, 54]
	36
	31 (6),
[20, 47]

	Hb (g/dL)
	71
	12.48 (1.16), 
[10.90, 15.70]
	35
	12.24 (0.92)
[10.90, 14.10]
	36
	12.71 (1.32),
[11.00, 15.70]

	SF (μg/L)
	69
	59 (45),
[11, 340]
	36
	57 (54),
[11, 340]
	33
	62 (33),
[18, 182]

	Transferrin Saturation % (TSAT)
	70
	22 (10),
[3, 55]
	35
	23 (12),
[7, 55]
	35
	21 (6),
[3, 34]

	Urea (mmol/L)
	66
	11.6 (5.4),
[4.0, 33.0]
	34
	12.4 (6.3),
[5.0, 33.0]
	32
	10.7 (4.0),
[4.0, 20.0]

	Serum Creatinine (mg/dL)
	72
	1.98 (0.80),
[0.96, 3.81]
	36
	2.07 (0.84),
[0.96, 3.69]
	36
	1.88 (0.78),
[1.03, 3.81]

	eGFR (ml/min/1.73m2)
	72
	35 (12),
[15, 59]
	36
	34 (12),
[15, 59]
	36
	35 (11),
[16, 56]

	Platelet count (x10^9/l)
	71
	236 (62),
[117, 370]
	35
	240 (66),
[127, 370]
	36
	232 (59),
[117, 339]

	Sodium (mmol/l)
	72
	139.8 (2.3),
[135.0, 147.0]
	36
	140.0 (2.6),
[135.0, 147.0]
	36
	139.6 (2.1),
[136.0, 145.0]

	Potassium (mmol/l)
	72
	4.6 (0.6),
[3.0, 6.0]
	36
	4.5 (0.5),
[3.0, 5.0]
	36
	4.7 (0.6),
[4.0, 6.0]

	ALT (IU/l)
	69
	20 (10),
[5, 65]
	34
	20 (9),
[6, 43]
	35
	20 (11),
[5, 65]

	AST (IU/l)
	47
	22.2 (6.9),
[10.0, 48.0]
	22
	22.0 (6.5),
[10.0, 41.0]
	25
	22.4 (7.4),
[11.0, 48.0]

	ALP (IU/l)
	71
	86 (31),
[12, 175]
	35
	86 (33),
[12, 175]
	36
	87 (30),
[44, 170]

	Albumin (g/l)
	73
	42.9 (2.9),
[34.0, 48.0]
	36
	42.7 (3.0),
[37.0, 48.0]
	37
	43.0 (2.7),
[34.0, 48.0]

	CRP (mg/l)
	68
	4.4 (4.3),
[1.0, 23.0]
	33
	4.9 (4.3),
[1.0, 23.0]
	35
	3.9 (4.2),
[1.0, 20.0]

	Phosphate mmol/l)
	67
	1.15 (0.20),
[0.80, 1.70]
	33
	1.16 (0.21),
[0.80, 1.70]
	34
	1.14 (0.20),
[0.90, 1.70]

	Total Bilirubin (umol/l)
	70
	7.3 (3.8),
[1.0, 20.0]
	35
	7.4 (4.4),
[3.0, 20.0]
	35
	7.2 (3.2
[1.0, 15.0]

	6MWT (meters)
	71
	427 (174),
[8, 738]
	35
	384 (195),
[8, 660]
	36
	469 (142),
[20, 738]

	KDQOL-36
	
	
	
	
	
	

	SF-12 Physical Health Composite
	72
	40 (12),
[16, 62]
	37
	40 (13),
[17, 62]
	35
	40 (12),
[16, 60]

	SF-12 Mental Health Composite
	72
	43 (12),
[20, 62]
	37
	44 (13),
[20, 62]
	35
	42 (10),
[20, 61]

	Burden of kidney disease
	73
	65 (29),
[0, 100]
	37
	68 (26),
[12, 100]
	36
	62 (32),
[0, 100]

	Symptoms/problems
	73
	72 (21),
[2, 100]
	37
	70 (19),
[23, 100]
	36
	74 (23),
[2, 100]

	Effects of kidney disease
	72
	78 (22),
[0, 100]
	36
	78 (18),
[22, 100]
	36
	78 (25),
[0, 100]

	WSAS
	73
	15 (11)
[0, 40]
	37
	15 (11)
[0, 33]
	36
	15 (12)
[0, 40]

	Chalder Fatigue Questionnaire
	73
	17.2 (5.7),
[9.0, 32.0]
	37
	16.8 (5.2), [9.0, 30.0]
	36
	17.7 (6.2), [10.0, 32.0]

	STS60
	70
	24 (8),
[4, 49]
	35
	23 (8)
[4, 39]
	35
	25 (9)
[10, 49]

	VO2 peak (L/min)
	49
	1.36 (0.48),
[0.66, 2.93]
	21
	1.39 (0.54),
[0.66, 2.93]
	28
	1.34 (0.44),
[0.71, 2.25]

	VO2 peak (mL/kg/min)
	45
	16.6 (5.6),
[8.0, 33.0]
	19
	17.2 (5.8),
[9.0, 33.0]
	26
	16.2 (5.5),
[8.0, 33.0]

	Peak heart rate (bpm)
	54
	128 (24),
[71, 171]
	22
	128 (27),
[71, 171]
	32
	128 (23),
[85, 171]

	Peak systolic blood pressure (mmHg)
	54
	167 (26),
[112, 216]
	23
	171 (28
[113, 210]
	31
	164 (24)
[112, 216]

	Peak diastolic blood pressure (mmHg)
	55
	95 (22),
[61, 165]
	24
	96 (23),
[64, 161]
	31
	95 (22),
[61, 165]

	VO2 peak test total duration achieved (min)
	55
	8.76 (2.80),
[3.00, 15.00]
	23
	8.62 (3.12),
[3.00, 15.00]
	32
	8.87 (2.60),
[4.00, 15.00]

	VO2 peak test total duration achieved (sec)
	54
	23 (14),
[0, 53]
	23
	20 (15),
[0, 49]
	31
	24 (13),
[2, 53]

	VO2 peak test peak power output (watts)
	55
	110 (41),
[0, 210]
	23
	107 (44),
[0, 210]
	32
	113 (38),
[45, 210]

	Maximal rating of perceived exertion (RPE) on CR100 scale
	55
	87 (19),
[35, 100]
	23
	85 (21),
[35, 100]
	32
	88 (17),
[40, 100]

	VE/VCO2 slope (mL/kg/min)
	49
	33.5 (5.5),
[25.8, 48.7]
	21
	34.0 (6.5),
[26.7, 48.7]
	28
	33.1 (4.8),
[25.8, 47.0]

	Systolic blood pressure (mmHg)
	72
	134 (16),
[105, 175]
	36
	133 (16)
[105, 167]
	36
	135 (16),
[108, 175]

	Diastolic blood pressure (mmHg)
	72
	78 (10),
[54, 98]
	36
	79 (9),
[62, 98]
	36
	78 (10),
[54, 98]

	Heart rate (bpm)
	72
	76 (13),
[49, 115]
	36
	77 (14),
[49, 115]
	36
	75 (12),
[55, 101]

	Comorbidities
	74
	
	37
	
	37
	

	Myocardial Infarction
	
	2 (2.7%)
	
	2 (5.4%)
	
	0 (0%)

	Ischemic heart disease
	
	5 (6.8%)
	
	3 (8.1%)
	
	2 (5.4%)

	Stroke/TIA
	
	1 (1.4%)
	
	1 (2.7%)
	
	0 (0%)

	Heart failure
	
	0 (0%)
	
	0 (0%)
	
	0 (0%)

	Peripheral vascular disease
	
	2 (2.7%)
	
	1 (2.7%)
	
	1 (2.7%)

	Atrial fibrillation
	
	0 (0%)
	
	0 (0%)
	
	0 (0%)

	Hypertension
	
	50 (68%)
	
	24 (65%)
	
	26 (70%)

	Diabetes
	
	
	
	
	
	

	Type I
	
	0 (0%)
	
	0 (0%)
	
	0 (0%)

	Type II
	
	22 (30%)
	
	12 (32%)
	
	10 (27%)

	No
	
	52 (70%)
	
	25 (68%)
	
	27 (73%)

	Cancer (excluding skin cancers)
	
	4 (5.4%)
	
	2 (5.4%)
	
	2 (5.4%)

	Hyperlipidemia
	
	26 (35%)
	
	13 (35%)
	
	13 (35%)


	
Abbreviations: BMI: body mass index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; Hb: Hemoglobin; 6MWT 6-minute Walk Test; VO2peak: Volume of Oxygen consumption; eGFR: estimated glomerular filtration rate; TSAT: transferrin saturation; WSAS: Work and Social Adjustment Scale; KDQOL36 SF1.3 Kidney Disease Quality of Life 36 questionnaire; STS60: sit to stand 60


Primary endpoint: 6MWT
At 4 weeks the mean change from baseline in 6MWT was -4 (71) meters in 31 patients who received IV iron compared to 14 (37) meters in 31 patients who received placebo (p=0.261). (Figure 1 and Table 2).
Table 2:  Summary of 6MWT at baseline, 4 weeks, 12 weeks, change in 6MWT from baseline to 4 weeks, from baseline to 12 weeks and change from 4 weeks to 12 weeks.

	
	
	
	IV Iron
	
	
	Placebo
	

	
	n¥
	Mean (SD)
	median (IQR)
	n¥
	Mean (SD)
	median (IQR)
	p-value

	from baseline to 4 weeks
	
	
	
	
	
	
	

	Baseline
	31
	385 (202)
	475
(304, 528)
	31
	454 (140)
	480
(365, 542) 
	

	4 weeks
	31
	381 (220)
	426 
(265, 541)
	31
	468 (146)
	480
(388, 572)
	

	Change
	31
	-4 (71)
	3 
(-32, 26)
	31
	14 (37)
	10 
(-4, 25)
	0.261

	from baseline to 12 weeks
	
	
	
	
	
	
	

	Baseline
	22
	388 (207)
	498
(293, 532)
	20
	438 (149)
	461
(360, 545)
	

	12 weeks
	22
	432 (226)
	468
(338, 596)
	20
	458 (167)
	458
(375, 586)
	

	Change
	22
	44 (103)
	18 
(2, 62)
	20
	20 (45)
	10
 (-6, 41)
	0.338

	from 4 weeks to 12 weeks
	
	
	
	
	
	
	

	4 weeks
	23
	396 (223)
	428
(295, 565)
	20
	458 (157)
	479
(392, 571)
	

	12 weeks
	23
	438 (223)
	477
(339, 590)
	20
	458 (167) 
	458
(375, 586)
	

	Change
	23
	42 (107) 
	17
(-10, 50)
	20
	0 (42)
	-2
(-11, 17)
	0.165


¥Number of patients with complete data at baseline and at a time point (4 weeks or 12 weeks) or with complete data at 4 weeks and 12 weeks ± P-value for the treatment effect using ANCOVA analysis where the baseline and the binary stratification variable ferritin (defined as whether baseline ferritin is over 50μg/L) are used as covariates.


[image: ]
Figure 1: Mean and standard error (SE) 6MWT from each analysis, at baseline and 4 weeks, at baseline and 12 weeks and at 4 weeks and 12 weeks in the IV Iron and placebo arms

Exercise training
Exercise training, as per prescribed training protocol, was achieved by 16 of the 23 (70%) participants in the iron therapy group and by 16 of the 20 (80%) participants in the control group prior to the 12-week assessment.

Secondary Outcomes
At 12 weeks the mean change from baseline in 6MWT was 44 (103) meters for 22 patients who received IV iron compared to 20 (45) meters for 20 patients who received placebo (p=0.338) (Figure 1 and Table 2). There was a statistically significant difference for SF and TSAT at both 4 weeks (p < 0.001, p < 0.001) and 12 weeks (p < 0.001 and p = 0.001) from baseline, respectively, with greater increases in the treatment group (Table 3). There was no statistically significant difference in Hb at 4 weeks (p = 0.66), but there was a statistically significant difference at 12 weeks (p<0.001).  Kidney function as assessed by serum creatinine and eGFR were similar in both study arms with no significant difference between iron therapy and placebo at 4 and 12 weeks. Proteinuria did not change with time or with IV iron treatment.  Phosphate, albumin, platelets, and CRP remained stable (Table 3). There were no significant differences in adverse events between study arms (Supplementary Table 1).

Table 3: Summary of Iron status measurements assessed by serum ferritin and transferrin saturation, hemoglobin (Hb), of Renal Function as assessed by urea (mmol/L), serum creatinine (micromol/L) and eGFR (ml/min/1.73m2)

	
	
	IV Iron
	
	Placebo
	
	

	
	
	Mean (SD)
	n¥
	Mean (SD)
	n¥
	P-value$

	Serum Ferritin (μg/l)
	Baseline
	57 (54)
	35
	62 (33)
	36
	

	
	4 weeks
	372 (213)
	31
	60 (27)
	31
	<0.0001

	
	12 weeks
	256 (153)
	23
	78 (53)
	20
	<0.0001

	TSAT (%)
	Baseline
	23 (12)
	35
	21 (6)
	35
	

	
	4 weeks
	34 (12) 
	29
	22 (8)
	31
	<0.0001

	
	12 weeks
	32 (12)
	24
	22 (8)
	17
	0.019

	Hb (g/dL)
	Baseline
	12.24 (0.92)
	35
	12.71 (1.32)
	36
	

	
	4 weeks
	122.9 (16.0)
	30
	128.0 (13.5)
	31
	0.667

	
	12 weeks
	130.5 (9.4)
	23
	125.4 (14.8)
	21
	0.009

	Urea (mmol/L
	Baseline
	12.4 (6.3)
	34
	10.7 (4.0)
	32
	

	
	4 weeks
	11.5 (5.7)
	26
	11.3 (5.6)
	28
	0.639

	
	12 weeks
	10.8 (4.4)
	23
	10.4 (4.6)
	17
	0.823

	Serum Creatinine (mg/dL)
	Baseline
	2.07(0.84)
	36
	1.88 (0.78)
	36
	

	
	4 weeks
	2.22 (0.92)
	30
	1.99 (0.84)
	32
	0.597

	
	12 weeks
	2.06 (0.85)
	24
	2.07 (0.96)
	21
	0.011

	eGFR (ml/min/1.73m2)
	Baseline
	34 (12)
	36
	35 (11)
	36
	

	
	4 weeks
	32 (13)
	30
	33 (11)
	32
	0.300

	
	12 weeks
	36 (14)
	24
	33 (12)
	21
	0.085


¥Number of patients with complete data at each time point; baseline, 1 month and 3 months
$ P-value for the treatment effect using ANCOVA analysis where the baseline and the binary stratification variable Ferritin (defined as whether baseline ferritin is over 50μg/L) are used as covariates.	

There were no significant differences between groups at 4 or 12 weeks in VO2 peak test (in a sub-set of participants), muscle strength, STS60, KDQOL-36 questionnaire, the WSAS questionnaire, or the Chalder Fatigue questionnaire scores (Table 4) and there were no significant differences between groups at 4 or 12 weeks for muscle strength (Supplementary Table 2).

Table 4. Summary of VO2 peak test (in a sub-set of participants), STS60, KDQOL-36 questionnaire, the WSAS questionnaire, and the Chalder Fatigue questionnaire scores at baseline, 4 and 12 weeks

	
	
	IV Iron
	
	Placebo
	
	

	
	
	Mean (SD)
	n¥
	Mean (SD)
	n¥
	P-value$

	
	
	
	
	
	
	

	VO2 peak test (L/min)
	Baseline
	1.39 (0.54)
	19
	1.34 (0.44)
	26
	

	
	4 weeks
	1.15 (0.46)
	16
	1.36 (0.47)
	21
	0.049

	
	12 weeks
	1.27 (0.51)
	16
	1.38 (0.52)
	15
	0.507

	VO2 peak (mL/kg/min)
	Baseline
	17.2 (5.8)
	19
	16.2 (5.5)
	26
	

	
	4 weeks
	14.4 (6.5)
	16
	16.8 (5.5)
	21
	0.058

	
	12 weeks
	16.3 (7.3)
	16
	15.9 (4.7)
	15
	0.340

	Chalder Fatigue scale
	Baseline
	16.8 (5.2)
	37
	17.7 (6.2)
	36
	

	
	4 weeks
	13 (5)
	33
	14 (7)
	34
	0.790

	
	12 weeks
	13 (6)
	28
	14 (6)
	28
	0.774

	Work and Social Adjustment scale
	Baseline
	15 (11)
	37
	15 (12)
	36
	

	
	4 weeks
	12 (10)
	33
	12 (11)
	34
	0.878

	
	12 weeks
	10 (10)
	28
	11 (12)
	28
	0.210

	Sit-to-stand 60 test (reps)
	Baseline
	23 (8)
	35
	25 (9)
	35
	

	
	4 weeks
	24 (7)
	31
	27 (10)
	28
	0.209

	
	12 weeks
	25 (7)
	24
	25 (9)
	20
	0.990

	KDQOL-36 SF1.3
	
	
	
	
	
	

	Physical Health 
	Baseline
	40 (13)
	37
	40 (12)
	35
	

	
	4 weeks
	42 (12)
	31
	41 (12)
	34
	0.520

	
	12 weeks
	41 (13)
	27
	40 (13)
	27
	0.820

	Mental Health 
	Baseline
	44 (13)
	37
	42 (10)
	35
	

	
	4 weeks
	47 (10)
	31
	47 (9)
	34
	0.474

	
	12 weeks
	45 (10)
	27
	48 (11)
	27
	0.055

	Burden kidney disease
	Baseline
	68 (26)
	37
	62 (32)
	36
	

	
	4 weeks
	75 (19)
	33
	63 (29)
	34
	0.617

	
	12 weeks
	73 (23)
	28
	64 (32)
	28
	0.866

	Symptoms/problems
	Baseline
	70 (19)
	37
	74 (23)
	36
	

	
	4 weeks
	78 (18)
	33
	76 (22)
	34
	0.632

	
	12 weeks
	77 (16)
	28
	76 (22)
	28
	0.871

	Effects kidney disease
	Baseline
	78 (18)
	36
	78 (25)
	36
	

	
	4 weeks
	81 (17)
	33
	78 (24)
	34
	0.663

	
	12 weeks
	81 (19)
	28
	79 (25)
	28
	0.601


¥Number of patients with complete data at each time point; baseline, 1 month and 3 months
$ P-value for the treatment effect using ANCOVA analysis where the baseline and the binary stratification variable ferritin (defined as whether baseline ferritin is over 50μg/L) are used as covariates.	
KDQOL= Kidney Disease Quality of Life

In a sensitivity analysis, there was no association between the primary endpoint and the before/after COVID-19 break status. In the after-break group, the 4 weeks 6MWT average was 19m greater than in the before-break (432m and 413m respectively). Two thirds of patients completing their 12 weeks follow-up were recruited after the break. The 12 weeks 6MWT average was 88m less in the after-break compared to the before-break (421m and 509m respectively) but given the small sample size there was no evidence of significant association (p=0.100). 
In exploratory analyses, when compared with baseline values, there was a greater than 25 meters (m) increase in 6MWT observed in 8/31 (26%) of patients at 4 weeks and 10/22 (45%) at 12 weeks who received treatment compared with 7/31 (23% - 4 weeks) and 7/20 (35% - 12 weeks) in patients who received placebo respectively. Similarly, a greater than 25 m increase in 6MWT was observed in 10/23 (43%) patients who received treatment versus 4/20 (20%) patients who received placebo between 4 and 12 weeks.

Discussion
The Iron and Muscle Trial investigated whether a single dose of 1000 mg of IV iron (ferric carboxymaltose (FCM); Ferinject®) improves exercise capacity in comparison to placebo at 4 weeks after IV iron therapy in non-anemic patients with CKD with iron deficiency. Our study also explored the additional value of an 8-week exercise training regime between 4 and 12 weeks. 

Our results revealed no significant change in the primary endpoint 6MWT distance at 4 weeks, when compared with baseline, between participants treated with IV iron therapy and placebo. There were also no significant between-group differences in measures of muscle strength, physical function, aerobic capacity, fatigue, work and social adjustment or health-related quality of life. 

Our findings are comparable with those reported in the Iron and Heart Trial (18), which also did not reveal any significant change in 6MWT distance at 4 weeks post iron infusion in patients with CKD, and only a modest but non-significant improvement in summary component score in Quality of Life Short Form 36 scores when compared with placebo. Our findings contrast with findings from studies of patients with heart failure  (8-10) which demonstrated improvements in exercise capacity after iron therapy when compared with placebo.  Like the Iron and Heart Trial (18), our trial had a small sample size, a short follow-up period, and there was a relatively well preserved 6MWT distance at baseline in both groups. Higher baseline values may have limited the margin for improvement that was achieved in studies of patients with heart failure where the baseline values were more than 100 meters less. Also, it is plausible that the dose of iron, and the frequency that it was administered, may have been insufficient to improve cellular energetics. 
Our results revealed a numerical (42m), albeit non-significant, mean improvement in 6MWT distance between 4 and 12 weeks in patients who received IV iron therapy in addition to an exercise program. Indeed, despite the inclusion of prescribed exercise training between 4 and 12 weeks, which was achieved by a similar number of participants in both groups, there was a small decline in the numerical mean 6MWT distance achieved in the placebo group. The numerical improvement in mean 6MWT distance reported in patients who received IV iron, accompanied by a mean numerical non-significant improvement in sit-to stand physical function score, could be due to a combination of the iron therapy and additional exercise training that was introduced to all study participants at 4 weeks. Exploratory analyses revealed a larger proportion (43%) of participants exceeding the clinically relevant improvement of 25m distance in the 6MWT distance, versus the placebo group (20%). Combining exercise training with iron therapy may target the disease-related derangements in the oxygen transport chain and result in more pronounced physiological adaptations to exercise in those participants exposed to the combined intervention (20). The study was not designed to investigate this mechanism of action, and the sample is too small to suggest any definitive conclusions. This potential complementary intervention to promote physical function and exercise capacity is nonetheless interesting and hypothesis generating for future studies.

Our study did not reveal between group differences in fatigue or work and social adjustment scales, with both groups improving the mean scores of these patients’ reported outcomes. The impact on emotional wellbeing from being a part of research studies, regardless of treatment allocation, has been reported in other studies (28). The impact of iron therapy on these important patient-reported outcomes may be explored further in larger studies with longer participant follow-up.

The Kidney Disease Improving Global Outcomes (KDIGO) clinical practice guidelines recommends the use of iron therapy in patients with CKD with a SF of <500 µg/L or a TSAT ≤30% if it is desired to increase Hb or to reduce erythropoiesis stimulating agent therapy (29). In our trial, there were significant differences in Hb concentrations between arms at 12 weeks, with patients receiving IV iron therapy demonstrating a significant mean improvement. There are few safety data available regarding effects of increasing Hb concentrations in patients with CKD who are non-anemic but iron deficient, with clinicians often displaying concern about treating patients with symptoms of iron deficiency if Hb is within the normal range. In our trial, in keeping with the Iron and Heart Trial (18), patients assigned to treatment with IV iron were no more likely to experience an adverse event than those receiving placebo treatment. This trial was not designed to examine safety events; however, it does provide early data about safe clinical use of iron therapy in patients with CKD with iron deficiency without anemia.  

The strengths of the Iron and Muscle Trial include the representative patient sample from all ethnicities, when compared with previous studies (30), the double-blinded nature of the trial, and the novel inclusion of exercise training as a potential complementary intervention to iron therapy. 

Limitations include the small sample, which is likely to have contributed to the baseline imbalance of the 6MWT, and short follow-up period. The single dose of 1000mg of FCM iron therapy may require further investigation as recent studies, such as the NIMO study (31), suggest it may not be a sufficient dose to achieve complete iron repletion and thus to alter cellular energetics.

Conclusions
In summary, this randomized controlled trial showed that, among non-anemic patients with CKD and ID, IV iron therapy had no impact on exercise and functional capacity, QoL, or patient reported outcomes. Nonetheless, adequately powered studies with sufficient participant follow-up are warranted to investigate functional improvement in non-anemic iron deficient CKD patients treated with IV iron therapy. 

Declarations
Ethics approval and consent to participate
The protocol and related documents were approved by Brent Research Ethics Committee, UK (REC) 19/LO/0128, the Health Research Authority and the UK Medicines and Healthcare products Regulatory Agency (MHRA). The study was prospectively registered on 28/01/2019 (EudraCT 2018-000144-25). All methods were carried out in accordance with relevant guidelines and regulations. Informed consent was obtained from all subjects and/or their legal guardian(s).

Consent for publication
Not applicable

Availability of data and materials
Findings from the study will be disseminated at national and international conferences. All baseline data generated or analysed during this study are included in this published article.

Competing interests
SB is a Trustee for Kidney Research UK

Funding
This study was funded by a grant from Kidney Research UK. The views expressed in this publication are those of the authors and not necessarily those of the National Health Service, the National Institute for Health Research, Kidney Research UK or the Department of Health. The funders had no role in the design, collection, analysis, interpretation of the data, or writing of this protocol.

Authors’ contributions
Authorship followed ICMJE guidelines. S.G, D.O, N.B, F.R, E.W, T.W, A.S and I.C.M were responsible for the inception and design of the project and prepared the manuscript. S.G, N.B, E.A, J.C, K.M, D.O, A.M, S.B, J.B, I.C.M, P.K, C.R, P.S, D.B, D.W, C.L, L.B, B.O, K.B, F.R, S.A, T.M, A.M, A.G contributed to the design of the study, provided methodological input, and wrote the manuscript text and prepared tables. All authors reviewed the manuscript.

Acknowledgements
The authors acknowledge the work of the various research teams at each site.


Supplementary materials
Supplementary tables to be submitted separately but included here for internal review…..
[bookmark: _Hlk42208339]Supplementary Table 1. Summary of Adverse Events

	Adverse Events
	Total
	FCM
	Placebo

	Infections (n=7)
	
	
	

	
	One acute Pneumonia
	1
	0

	
	Pseudomonas Urinary tract infection x 3
	0
	3

	
	One Septic Shock
	1
	0

	
	One cellulitis
	1
	0

	
	One Genito-urinary Infection
	0
	1

	Other (n=1)
	
	
	

	
	Musculo-skeletal due to fall
	0
	1

	
	 8 in 6 patients
	In 3 patients
	In 3 patients




Supplementary Table 2: Summary of Isokinetic dynamometry (muscle strength, for both left and right leg) at baseline, 1 month and 3 months

	
	
	IV Iron
	
	Placebo
	
	

	
	
	Mean (SD)
	n¥
	Mean (SD)
	n¥
	P-value±

	Highest peak torque achieved at 60 degrees angular velocity (newton meters)
	
	
	
	
	

	Right Leg
	Baseline
	94 (46)
	37
	100 (42)
	33
	

	
	4 weeks
	98 (48)
	28
	92 (37)
	30
	0.787

	
	12 weeks
	115 (50)
	24
	111 (52)
	19
	0.584

	Left Leg
	Baseline
	91 (47)
	34
	94 (41)
	33
	

	
	4 weeks
	94 (47)
	26
	84 (42)
	29
	0.759

	
	12 weeks
	105 (49)
	22
	99 (46)
	19
	0.841

	Highest peak torque achieved at 90 degrees angular velocity (newton meters)
	
	
	
	
	

	Right Leg
	Baseline
	93 (50)
	37
	95 (36)
	33
	

	
	4 weeks
	90 (47)
	28
	84 (34)
	30
	0.865

	
	12 weeks
	101 (49)
	24
	101 (49)
	19
	0.984

	Left Leg
	Baseline
	83 (40)
	34
	84 (37)
	33
	

	
	4 weeks
	87 (44)
	26
	78 (36)
	29
	0.953

	
	12 weeks
	91 (41)
	22
	90 (41)
	19
	0.440

	Highest peak torque achieved at 120 degrees angular velocity (newton meters)
	
	
	
	
	

	Right Leg
	Baseline
	82 (45)
	37
	87 (32)
	33
	

	
	4 weeks
	80 (43)
	28
	77 (28)
	30
	0.550

	
	12 weeks
	91 (44)
	24
	94 (49)
	19
	0.836

	Left Leg
	Baseline
	74 (36)
	34
	78 (30)
	33
	

	
	4 weeks
	77 (40)
	26
	69 (31)
	29
	0.396

	
	12 weeks
	84 (41)
	22
	80 (36)
	19
	0.736

	Isometric maximum voluntary contraction (90 degree angle): Highest peak torque (newton meters)
	
	
	
	
	

	Right Leg
	Baseline
	128 (73)
	37
	137 (58)
	33
	

	
	4 weeks
	127 (59)
	27
	121 (55)
	30
	0.959

	
	12 weeks
	134 (63)
	24
	134 (71)
	19
	0.757

	Left Leg
	Baseline
	122 (69)
	34
	127 (51)
	33
	

	
	4 weeks
	127 (58)
	25
	117 (51)
	28
	0.976

	
	12 weeks
	132 (67)
	22
	119 (58)
	19
	0.351


¥Number of patients with complete data at each time point; baseline, 1 month and 3 months
$ P-value for the treatment effect using ANCOVA analysis where the baseline and the binary stratification variable ferritin (defined as whether baseline ferritin is over 50μg/L) are used as covariates
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[bookmark: _Toc125456858]Iron and Muscle Qualitative Analysis 
[bookmark: _Toc125456859]Title of Study: 
Multicentre prospective double-blind randomised controlled trial of the effect of intravenous iron supplementation in iron-deficient, but not anaemic, patients with chronic kidney disease on exercise capacity, physical function, fatigue and skeletal muscle metabolism assessed before and after exercise training – Qualitative Analysis
[bookmark: _Toc125456860]Investigators: Study centre(s): 
Dr Courtney Lightfoot, University of Leicester
[bookmark: _Toc125456861]Objectives:
The aim of the sub-study was to understand the psychosocial impact of living with CKD and functional iron deficiency, and participants’ experiences of the therapeutic intervention.
[bookmark: _Toc125456862]Methodology:
A sample of Iron and Muscle participants were interviewed three months following receipt of the therapeutic intervention (intravenous infusion of iron or placebo) and completion of 8-weeks exercise training. Topics explored included experiences of living with kidney disease and iron deficiency, symptoms, social and leisure activities, quality of life and participants’ views and experiences of receiving the therapeutic intervention. Interviews were audio-recorded and transcribed verbatim. 

[bookmark: _Toc125456863]Number of patients (planned and analysed)
Planned: 20-30 participants at entry to and exit from the trial
Analysed: 21 at entry to the trial and 17 at exit from the trial
 

[bookmark: _Toc125456864]Diagnosis and main criteria for inclusion:
A sample of Iron and Muscle participants (stages 3-4 CKD, Hb 110-150 g/L, Ferritin < 100 µg/L and/or Transferrin Saturations (TSAT) <20%) were recruited upon entry to the trial, prior to receiving the therapeutic intervention (intravenous infusion of iron or placebo), to participate in an interview.
[bookmark: _Toc125456865]Analysis:
Data were analysed using thematic analysis (Braun and Clarke, 2006), to identify and report themes. The researcher read the complete data set to familiarise them self with the content and identified initial codes. They then reviewed, revised, and determined the final codes. Each script was coded, and potential themes were identified. These were then reviewed and refined, and definitions of the themes were determined. The data was stored and managed with QSR International’s NVivo qualitative data analysis software.

[bookmark: _Toc125456866]Findings:
Twenty-one participants (6 males and 15 females, average age 59 years (range: 39-72 years)) were interviewed at entry to the study. Interviews lasted an average of 64 minutes (range: 37-98 minutes). 

Six overarching themes were identified:
Lack of awareness of iron deficiency 
Participants had a lack of awareness and understanding of non-anaemic functional iron deficiency, their iron deficiency diagnosis, the perceived causes of low iron, and perceived effects
“Nobody’s ever mentioned that I had low iron levels to me … and maybe if I’d known about it earlier, I might have been able to at least know why” (Female, 67 years)

Overwhelming feelings of tiredness
Overwhelming feelings of tiredness, characteristics of physical and mental tiredness, energy management, consequences, and impact on daily activities were described by participants 
“I wake up most days feeling like I haven’t slept, even though I have … it’s like a real effort just dragging my legs and my arms round because they feel really heavy” (Female, 60 years)

Feeling limited
Participants described feeling limited and self-conscious about their ability to perform tasks and activities. Some reported needing ‘rest and recharge’ days after engaging with physical hobbies, whilst others reported stopping hobbies as they felt unable to continue them 
“I can still do the same but at about 60 odd per cent slower, 70% slower … it’s about pacing … I just want to be a little bit more physically capable” (Male, 64 years)

Balancing emotions
Managing the emotional consequences and conflict between how actually feels and how perceive should feel were challenges participants experienced on a daily basis 
“It’s a constant sort of balance in my head with how do I actually feel, how do I feel about how I feel and just getting through the day … [it’s] very difficult to deal with” (Female, 54 years)

Low mood
Participants discussed feelings of low mood, sudden changes in mood, feeling overwhelmed and unmotivated, desire to differentiate between tiredness and low mood
“I don't go nowhere, don't do nothing, don't want to do nothing … I just want to be left alone and do nothing ... makes me feel sad that I can't do things” (Female, 58 years)

Reduced social activities 
Social activities and hobbies were impacted, and participants perceived that they were unable to do activities that they want to. Feelings of loneliness and poor social life were perceived to be magnified by lack of someone able to relate to. Participants explained a lack of understanding from their friends, who believe that they should be careful
“I don't want people know … I didn’t tell them, so they don't know … I don't go out a lot because, yeah, if I go … I don't want them to pity me” (Male, 64 years)


Seventeen participants (7 males, average age 58 years (range:39-72 years)) were interviewed at exit to the study, of which 5 received intravenous iron. Interviews lasted an average of 51minutes (range:28-83 minutes). 

Five themes were identified: 
Mixed perceptions of therapeutic intervention received 
There were mixed views amongst participants about which therapeutic intervention the received. Majority of participants were unsure about whether they received intravenous iron or the placebo. Some were convinced that they had received the placebo as they did not feel any different to when they started the trial. Participants described how they expected to experience a change or improvement in how they felt physically, and was considered to be an indicator to determine whether they received intravenous iron or not.

“I was curious as to what I got because I was hoping that with the infusion, I would have felt…um…an improvement bodily. But the point remain is I don't know which dose I got, but I know for sure whatever it was I felt no different than before” (Male, 71 years, placebo)
“I thought it was a placebo. Because it didn’t change anything. I wasn’t, already I was expecting more than, you know, I thought I’d be able to do things, I would have more strength. I would have had more strength and more” (Female, 58, intravenous iron)

“I don't think I had anything. For various reasons – but I suspect I had a saline drip ... I don't know that I felt any different, to be truthful, which is possibly another reason why I felt as though I may have had a saline drip, presumably that’s what you gave people apart from the iron infusion. But, no, I didn’t really feel greatly different, shall we say” (Male, 66 years, intravenous iron)

One participant who receive the placebo discussed how they came to their conclusion about the therapeutic intervention they received. 
“There is times when I just thought oh maybe not, maybe I just dreamt it all, but I just felt more energised and stuff, so I was convinced I’d had it… I just felt different on a morning I think, just things like I’d noticed, like, my hands being a little bit crampy, that seemed to stop – again it could be down to the exercise that I then started doing, I don't know, and I've noticed that’s creeping back in a little bit. So those are the reasons why I was convinced I’d had the iron because those things, more or less, went away” (Female, 50 years, placebo)

Improved energy levels/ alertness/ concentration
Increases in energy levels, alertness and concentration were frequently reported by participants. The trial was considered to have beneficial effects for participants both cognitively and physically. 

“I don't feel tired and I think I'm not, like I say, pushing against stuff all the time, because tiredness is like – it’s so hard to explain – it’s like a veil, like, weighs you down, everything, your body, your mind, how you feel, how you respond, how you react to people, your general demeanour, it’s just all encompassing.  And I feel like that’s been a lot better, a lot better”(Female, 39 years, placebo)

“Before, I think it was kind of, like, a dominant effect because I feel tired then I don't – or I can't concen-, I feel tired so I can't concentrate and then I get frustrated and I just give up and say ‘OK, you need to rest’ and ‘I can't be bothered’ … I have more energy now and I am more alert, I’ll be open to do more things, go out when I'm away” (Female, 38 years, intravenous iron)

Increased ability to perform activities of daily living 
Participants described how they felt physically fitter and an increased ability to perform everyday tasks and activities. Some participants were conscious about not over-doing it especially when they perceived to be more difficult days and when they were feeling tired.

“People around me had noticed I was doing more things and, you know, I was capable of doing more things in the house and that … I was clearing up more, I was doing more in the house basically, which I don't do, I actually pay somebody to come and do it for me. Things like hoovering and sweeping up and mopping the floor and general household stuff” (Female, 56 years, placebo)

“It’s had a positive impact on my life and daily activities and just in the way I feel generally. I'm doing a lot more and I'm fitter because I'm not getting breathless. I feel better so I do, I keep up with what I'm doing and I'm not overreaching and doing more than I think I should be doing … obviously there are days where I'm tired, I've not had that intense tiredness where I'm so weak and lethargic” (Female, 38 years, intravenous iron)

Improved psychosocial wellbeing
The study was considered to impact participants’ psychological wellbeing. A more positive attitude and outlook on life was reported by some of the participants, especially in regard to how they viewed and felt about their kidney condition. 

“I just was fitter, had a bit more stamina and a bit more confidence in myself really that I could do this. Yeah, and you know, it made me feel like I wasn’t a prisoner of kidney disease, I could actually take things into my own hands and make things better just by putting in a bit of effort really” (Female, 59 years, placebo)

“I feel different now to what I felt initially … Not feeling down quite a lot… I just feel different to what I felt before…  I’m not lethargic now, anymore” (Male, 52 years, intravenous iron)

“I started thinking maybe if I start thinking of myself as a well person I will feel better. So that’s – I made a conscious effort to do that, to literally, sort of, tell myself at the very beginning of every morning ‘I'm a well person, I'm not going to be defined by my kidney disease’ … I think this whole change in my attitude from me considering myself a, sort of, broken person to a well person has changed my attitude … it just means that I can cope with all this in a much more positive framework … I think for me it has made me realise that I am not as…[hesitates]…I'm not as disabled as I thought I was by kidney disease” (Female, 53 years, placebo)

Improved sleep quality
Participants described changes in their sleep patterns and improvements in their sleep quality. Many reported decreased disturbances, increased ability to fall back to sleep, and feeling less tired on waking. 
“Up until about three days ago, my sleep pattern had changed completely. I would sleep all through the night most nights. And then the last three, maybe three/four nights I wake up bang on three o'clock in the morning. Get up, have a drink, go back to sleep and then lay there awake sometimes for two or three hours, sometimes I go straight back to sleep” (Male, 63 years, placebo)
“My Fitbit actually tells me how much sleep I get and it shows when I'm awake as well, but I probably get – sometimes I only sleep for about six and a half hours, but generally it’s about seven and a half hours. It seems to be alright, I mean, I get up and I don't feel tired when I get up”(Male, 65 years, intravenous iron)
“I think when I do sleep now I sleep better, but my sleep’s not great.  Some nights I just literally like there for like seven hours just not sleeping.  But I feel like when I do sleep I have a really good sleep, which before I was quite intermittent and it didn’t feel like a proper sleep” (Female, 39 years, placebo)

[bookmark: _Toc125456867]Conclusion:
Findings highlight that people with CKD are unaware of their functional iron deficiency, and consequently lack understanding about the impact it can have. People living with CKD and functional iron deficiency experience substantial psychosocial and physical burden. Changes in social and leisure activities, including impaired ability to perform them, can lead to sudden changes in mood, low mood, and overwhelming emotions and feelings. There were no clear differences in themes reported between treatment groups, with mixed perceptions amongst participants about which therapeutic intervention they had received. Most participants, including some who received the placebo, described increased energy levels, increased ability to perform activities, improved concentration, and better sleep quality with decreased daytime sleepiness. Increased motivation and wellbeing were frequently discussed, with participants having a more positive outlook on life with CKD. Therapeutic interventions, with exercise components, can improve the quality of life of people living with CKD and non-anaemic functional iron deficiency.



[bookmark: _Toc125456868]Muscle biopsy & MRI analysis  

Iron & Muscle – Muscle Energetics Sub-Study

Investigators: Dr Benjamin A Oliveira & Dr Darlington O Okonko

[bookmark: _Toc125456869]Background
Iron Deficiency Impairs Skeletal Muscle Mitochondrial Function and Exercise Performance in Patients with Non-Dialysis Chronic Kidney Disease Irrespective of Haemoglobin Levels. Skeletal muscle mitochondrial oxidative phosphorylation (OXPHOS) is impaired in patients with non-dialysis chronic kidney disease (ND-CKD) and related to excessive exercise intolerance. Iron deficiency (ID) is also prevalent in ND-CKD and could contribute to mitochondrial impairment irrespective of anaemia. We assessed skeletal muscle mitochondrial function and exercise performance in ND-CKD patients with and without ID.

[bookmark: _Toc125456870]Methods
Patients with ND-CKD and a haemoglobin (Hb) > 110 g/dL were recruited, as were healthy volunteers (n=6). Ex-vivo skeletal muscle mitochondrial respiration was quantified using respirometry of vastus lateralis muscle biopsies in an Oxygraph 2K respirometer. In-vivo skeletal muscle mitochondrial function was assessed by calculating the Phosphocreatine Recovery half time (PCR ½ time) using Magnetic Resonance Spectroscopy. Exercise capacity was evaluated with a cardiopulmonary exercise test and a 6-minute walk test (6MWT).

[bookmark: _Toc125456871]Baseline Comparisons 
Using carbohydrate substrates, maximal coupled OXPHOS capacity, was significantly lower in patients with ID (Figure 1C) compared to those without ID and healthy volunteers. Fatty acid driven respiration was similar between the groups (Figure 1F). OXPHOSMAX was a higher % of maximal uncoupled ETC capacity in patients with ID (Figure 2B). PCR ½ time, as assessed using MRS, was higher in CKD patients Vs Healthy controls; 29.5837 Vs 20.24, secs p = 0.009, suggesting impaired in-vivo mitochondrial function. Phosphocreatine recovery half time was also higher in ID-CKD compared to Iron Replete (IR)-CKD; 30.5 Vs 25.6 secs p = 0.046 (Figure 3). IR-CKD patients had lower maximal rate of oxygen consumption compared to healthy controls (VO2 max; 1.46 Vs. 2.54 L/min, P<0.001 (Mann Whitney)). ID-CKD patients had lower VO2 max compared to IR-CKD, but the difference did not reach statistical significance (1.39 Vs 1.71 L/Min, P=0.147 (Mann Whitney)). 6MWT distance between ID-CKD and IR-CKD = 522.75 Vs 460.4 P=0.094. 

Lower levels of OXPHOSMAX correlated with lower VO2 max (r=0.548, P<0.003) (Figure 4A). Higher PCR ½ time was associated with shorter distance achieved during the 6MWT (Figure 4E). Adjustment for Hb levels in analysis of covariance models did not affect the significance of the differences in OXPHOSMAX and VO2 max across the groups.

Iron deficiency is associated with greater skeletal muscle mitochondrial impairment (as assessed by ex-vivo and in-vivo techniques) in patients with ND-CKD irrespective of Hb levels. This is associated with a trend towards poorer functional capacity implying that the correction of ID might be beneficial in ND-CKD.

[bookmark: _Toc125456872]Pre and post IMP Comparisons 
Respirometry data was available for 34 participants pre and post IMP. An analysis of covariance (ANCOVA) revealed that maximal OXPHOS at week 4 was 35.97 and 33.35 pmol/sec/mg in placebo and iron groups respectively (p = 0.55). Overall, 13% of the data was missing at random. ANCOVA analysis after imputation with a Markov Chain Monte Carlo Method (MCMC – multiple imputation) revealed that maximal OXPHOS at week 4 was 34.61 and 34.12 pmol/sec/mg in placebo and iron groups respectively (p = 0.89). 

MRS data was available for 30 participants pre and post IMP. ANCOVA analysis revealed that PCR ½ time at 4 weeks was 31.52 and 32.71 seconds in placebo and iron groups respectively (p = 0.63). Overall, 13% of the data was missing at random. ANCOVA analysis after MCMC imputation showed that PCR ½ at week 4 was 32.22 and 34.60 seconds in placebo and iron groups respectively (p = 0.83). 

In summary, the interventional results show no difference in mitochondrial function (as assessed by in-vivo and ex-vivo techniques) between iron treated and control patients at 4 weeks post a single total dose infusion in this cohort of participants.  
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[bookmark: _Toc125456873]Muscle Biopsy Sub-Study
Investigator: Dr. Luke Baker (20/01/2023)
	
[bookmark: _Toc125456874]Purpose
The aim of the skeletal muscle biopsy sub-study was to investigate the molecular effect of the use of a single dose of IV-Iron on skeletal muscle phenotype/structure, mitochondrial function, and biogenesis to decipher a mechanism of action of IV-Iron in those with CKD-ID. This data also provides additional insight into the findings on the primary outcome and other functional and biological measures.
[bookmark: _Toc125456875]Methods
RT-PCR (mRNA expression & DNA copy number)
RNA and/or DNA was isolated from approximately 5 mg/wet weight muscle biopsy tissue using TRIzol (Fisher Scientific, UK, 15596018) as per the manufacturer instructions and RNA reversed transcribed to cDNA using pre-defined reverse transcription system (Lunascript, New England Biosciences). Primers, probes, and internal controls for all genes were supplied as TaqMan gene expression assays (Applied Biosystems, Warrington, UK, 4331182) involved in mitochondrial biogenesis, oxidative stress, autophagy, protein breakdown and inflammation. 18-s was used as an in- ternal control which was determined to remain stable over the course of the intervention. For DNA copy number analysis, GAPDH was used as a cytoplasmic control and ND1 as a stable mitochondrial-specific target and the two were compared to the estimation of mitochondrial abundance. The Ct values from the target gene were normalized to 18s and expression levels were calculated according to the 2−ΔΔCT method to determine fold changes.
Transmission Electron Microscopy
Fresh biopsy samples were dissected into 1mm3 pieces, ensuring that they did not dry out, and subsequently place EM Fix (2.5% glutaraldehyde in 0.1M sodium cacodylate buffer or PBS pH 7.3). Samples were then stored at 4oC and fixed for 12 – 72 hours and the buffer was switched to fresh buffer if stored for longer periods prior to analysis. 

For sample processing samples were washed in the buffer for 20 minutes three times prior to being washed in ultrapure water for 20mins. Samples were subsequently transferred into 1% Osmium tetroxide/1.5% Potassium Ferricyanide in pure water for 120 minutes. Samples were then washed in pure water and then transferred to 70% ethanol for 10 minutes, followed by a further 30 minutes in En bloc stain in 2% uranyl acetate in 70% ethanol protected from light. Samples were subsequently taken through a 3-step dehydration protocol through 70-100% for 30 minutes each and then washed with 100% analytical grade ethanol 2 times for 30 minutes. To embed samples for sectioning, samples were infiltrated with Spurr’s modified resin for 90 mins each at ratios of 3:1, 1:1 and 1:3 (ethanol:resin). Samples were then embedded in 100% Spurr’s resin and polymerised in 60C for 16h. 

Samples were sectioned to 70nm thick using a Leica UC7 ultramicrotome / Reichert Ultracut E ultramicrotome, collected onto copper mesh grids and stained with 2% aqueous uranyl acetate for 30 minutes followed by 2 minutes in lead citrate. Samples were viewed on a JEOL JEM-1400 TEM with an accelerating voltage of 100kV. Digital images were collected with a Megaview III digital camera with iTEM software, with 5 images of each copper dish collected at x5000 and x8000 magnifications for analysis.

Image analysis was conducted using Image J (Fiji v.2.3.0), see Figure 5 for example image and structural identification of organelles. Different measures taken from different image magnifications are as follows:

5000x magnification:
Mitochondrial Density: The number of mitochondria was counted per image frame. Images were discounted if tissue only covered part of the image frame. 
Lipid Droplet Density: The number of lipid droplets was counted per image frame. Images were discounted if tissue only covered part of the image frame.

Sarcomere Length (um): Five sarcomeres per image frame were selected and a perpendicular line was drawn between them using the line tool. The length of this line was then recorded and means were taken per image frame. 

8000x magnification:
Optimal mitochondrial locality: The number of total z-lines was counted from the entire image frame. The number of z-lines was then counted from the same image which had mitochondrial straddling on either side of the z-line. A ratio was then created based on these two values. 

Mitochondrial Circularity: Ten mitochondria (if there are 10 or more in the image frame) per image was selected and the free hand tool was used to draw around each one in turn. The circularity measurement was then calculated as follows for each of the mitochondria, with a value of ‘1’ indicating a perfect circle (4*area/(π*major_axis^2).

[image: A picture containing diagram

Description automatically generated]Figure 5. Representative image from TEM analysis with annotation giving an example of different organelle structures identified during image analysis. Image displayed is magnification x8000.


Cristae Density: Ten mitochondria (if there are 10 or more in the image frame) per image was selected and the free hand tool was used to draw around each one in turn. The mean grey scale value was then taken which indicates the sum of the grey values for all of the pixels within the selected area, divided by the total number of pixels in the selected area. Grey values for each pixel were determined using the following equation: gray=(0.299red)+(0.587green)+0.114blue.
[bookmark: _Toc125456876]Statistical Analysis
Data were presented as mean ± standard deviation unless otherwise stated. All data were tested for normality using the Shapiro-Wilk test. Non-normally distributed data were either log-transformed prior to analysis or a nonparametric equivalent was used as appropriate. Comparisons between cohorts of patients and CONs/HVs were made using independent samples t-tests or Mann-Whitney U tests as appropriate. To determine the effect of exercise over time and between groups a two-way repeated measures ANOVA was used (time × intervention). Statistical analysis was carried out using IBM SPSS v.27.

[bookmark: _Toc125456877]Baseline Cohort Analysis
The first aim was to investigate differences between non-CKD, CKD, and CKD-ID patients at baseline for skeletal muscle mRNA expression of markers related to mitochondrial biogenesis, protein breakdown and inflammation. CKD-ID patients were found to have significant increases in mRNA expression for markers of oxidative stress, apoptosis, protein breakdown and inflammation (Figure 6). However, no differences were noted in the expression of markers related to mitochondrial biogenesis. 
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Description automatically generated]Figure 6. mRNA gene expression analysis comparing the basal expression of a variety of markers related to mitochondrial biogenesis, oxidative stress, apoptosis, protein breakdown and inflammation in muscle biopsies from: Healthy Volunteers (HV); chronic kidney disease patients (CKD); CKD patients with iron deficiency (CKD-ID). * Indicates p < 0.05; ** indicates p < 0.01.






Follow-up analysis sought to understand cohort differences in mitochondrial density and structure in skeletal muscle biopsies. Mitochondrial density was determined via analysis of mitochondrial DNA copy number analysis and Transmission Electron Microscopy (TEM) analysis. Measures related to the mitochondria structure were conducted using TEM analysis. In the between cohort analysis, we saw no difference in mitochondrial DNA copy number (Figure 7a), but trends to a reduction in mitochondrial number (Figure 7b) in those with CKD compared to controls (p=0.2957). No further differences were noted in relation to the mitochondrial area, circularity or cristae density (Figure 7). 

Figure 7. a) Mitochondrial copy number analysis. b) Image analysis conducted via Transmission Electron Microscopy (TEM) to quantify mitochondrial number, lipid droplet number, sarcomere length, mitochondrial locality, mitochondrial area, mitochondrial circularity and mitochondrial inner membrane density in muscle biopsies from: Healthy Volunteers/Controls (HV/CON); chronic kidney disease patients (CKD); CKD patients with iron deficiency (CKD-ID). * Indicates p < 0.05; ** indicates p < 0.01.
a)
b)












The further analysis sought to understand cohort differences in skeletal muscle structure, by investigating differences in sarcomere length, the presence of lipid droplets and the distribution of mitochondrial in relation to their expected locality. Those with ID-CKD presented trends to an increase in the number of lipid droplets compared to CKD and CON groups (p=0.1357). No differences were noted in sarcomere length between the cohorts (Figure 7b), and trends to a reduction of the optimal mitochondrial locality were noted in the CKD cohort (p=0.1841) but not the ID-CKD cohort compared to CON. 

[bookmark: _Toc125456878]Effect of IV-Iron on CKD-ID patients
The second aim was to investigate whether a single dose of IV-Iron effected skeletal muscle mRNA expression in those with CKD-ID 4-weeks later. This analysis included an array of markers associated with different components of mitochondrial biogenesis, oxidative stress and apoptosis. A dose of IV-Iron had no significant effect on the skeletal muscle mRNA expression of markers related to mitochondrial biogenesis, oxidative stress and apoptosis (Figure 8). There was no significant difference between the two groups at baseline.
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Figure 8. mRNA gene expression analysis comparing the basal expression of a variety of markers related to mitochondrial biogenesis, oxidative stress, apoptosis, protein breakdown and inflammation in muscle biopsies from CKD patients with iron deficiency (CKD-ID) pre & 4-weeks post either: Placebo; IV-Iron.

Follow-up analysis sought to quantify the effect of a dose of IV-Iron on mitochondrial density and structure in skeletal muscle biopsies. We report no difference in mitochondrial DNA copy number (Figure 9a), or in mitochondrial number (Figure 9b) in either the placebo or IV-Iron groups. With no difference between the two groups at baseline (p=0.9572). No further differences were noted in relation to the mitochondrial area, circularity or cristae density (Figure 9b).
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Figure 9. a) Mitochondrial copy number analysis. b) Image analysis conducted via Transmission Electron Microscopy (TEM) to quantify mitochondrial number, lipid droplet number, sarcomere length, mitochondrial locality, mitochondrial area, mitochondrial circularity and mitochondrial inner membrane density in muscle biopsies from CKD patients with iron deficiency (CKD-ID) pre & 4-weeks post either: Placebo; IV-Iron.



The subsequent analysis quantified the effect of the intervention on skeletal muscle structure, by investigating differences in sarcomere length, the presence of lipid droplets and the distribution of mitochondrial in relation to their expected locality. The intervention was shown to have no effect on sarcomere length, lipid droplet abundance or mitochondrial locality (Figure 9b). No differences were also noted between the two groups at baseline.

[bookmark: _Toc125456879]Summary of Findings
The skeletal muscle biopsy sub-study aimed to characterise the phenotype of those with and without ID alongside CKD in comparison to those without CKD, and then to see how a single dose of IV-Iron may affect skeletal muscle phenotype in those with ID-CKD 4 weeks later. We found that Those with CKD had reduced skeletal muscle mitochondrial mass, which replicates data from our lab previously (DOI: 10.1096/fj.201901936RR), but that this was independent of the presence of ID, despite the elevated indicators of oxidative stress and inflammation in those with ID-CKD, which is often noted in those with reduced mitochondrial function. However, this finding aligns with those seen in the respirometry data where reductions were noted in total OXPHOS in CKD (energetic sub-study report figure 1C & 2A), but not to the same extent in the ID-CKD group. We also noted trends to an elevated abundance of lipid droplets in those with CKD and CKD-ID in comparison to our CON population. This was an unexpected finding but coupled with findings from the respirometry analysis, may provide a small insight into the reason for an elevated fat utilisation (Fatty Acid ECT ratio; Figure 2A energetic sub-study report) in those with ID-CKD, which warrants further investigations and could be answered through the use of in-vitro based methodologies. 

In the case of the effect of IV-Iron, we saw no significant benefits of a single dose of IV-Iron on skeletal muscle phenotype 4 weeks later, aligning with the findings of the energetics sub-study. This doesn’t necessarily mean there is no biological benefit of this treatment, but as with all studies of this nature, investigating a single time point in isolation as part of a dynamic process always holds limitations. 


[bookmark: _Toc125456880]Equipment
Biodex

	Equipment
	Location
	Quantity
	Buy Back
	Status

	Biodex 1 
	St Georges 
	1
	No
	Returned to IPRS Mediquipe

	Biodex 2 
	(Epsom & St Helier
	1
	No
	Returned to IPRS Mediquipe

	Biodex 3 
	(Leicester)
	1
	Yes
	Buy back on completion of study

	Biodex 4 
	(Kings)
	1
	Yes
	Buy back on completion of study

	Biodex 5 
	(Salford)
	1
	No
	To be returned to IPRS Mediquipe on completion of study  

	Biodex 6 
	(GSTT)
	1
	No
	To be returned to IPRS Mediquipe on completion of study  

	Biodex 7 
	(RLH)
	1
	No
	Buy back on completion study  



[bookmark: _Toc125456881]Conference Presentations

	Conference/Meeting
	Data

	American Society of Nephrology, Kidney Week (Oct 2022) Florida Poster Presentations
	Primary Outcome (4-week 6MWT)
Secondary Outcomes
· MRI
· Muscle Biopsy – preliminary
· 12-week 6MWT






Iron and Muscle CKD Deplete Recruitment 
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