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(–2.32 vs. +0.70 mL/h/kg  p  = 0.05) between INHD and con-
trols. Six-months of INHD was associated with favourable LV 
remodelling and reduced myocardial fibrosis compared to 
patients on conventional haemodialysis. 
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 Introduction 

 The morbidity and mortality for maintenance haemo-
dialysis (HD) patients is high  [1] , with 40% of patients 
dying from cardiovascular disease  [2] . Cardiovascular 
disease in HD patients is driven by different risk factors 
from the general population, including: chronic inflam-
mation; uraemia; stresses of HD; large-volume ultrafiltra-
tion; endothelial dysfunction; increased arterial stiffness 
and autonomic instability  [3–6] . The combination of 
these insults results in maladaptive cardiac remodelling 
that leads to left ventricular (LV) hypertrophy, dilatation 
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 Abstract 

 Evidence suggests extended-hours haemodialysis (HD) may 
improve cardiovascular, medical and quality-of-life out-
comes. In-centre nocturnal haemodialysis (INHD) is an estab-
lished but underutilized method of providing extended-
hours treatment. This 6-month, non-randomized controlled 
trial (ISRCTN16672784) recruited 13 INHD patients and 12 
control patients on conventional HD. The effects of treat-
ment on left ventricular (LV) structure, function and myocar-
dial fibrosis were assessed using cardiac magnetic resonance 
imaging and native T1 mapping. Quality-of-life and clinical 
measures were also collected. INHD led to significant reduc-
tions in LV mass (–14.75 vs. +6.54 g;  p  = 0.02), global T1 
(–30.62 vs. 0.4 ms;  p  = 0.05) and non-septal native T1 values 
(–30.93 vs. 8.96 ms;  p  = 0.02) over time. There were also sig-
nificant improvements in serum phosphate (–0.39 vs. +0.02 
mmol/L;  p  = 0.03) and reductions in ultrafiltration rates 
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and myocardial fibrosis, commonly termed uraemic car-
diomyopathy  [7] . Modification of traditional risk factors 
has not improved outcomes for HD patients as they have 
for patients in the general population  [8, 9] . 

  The stresses of conventional HD (CHD) of 4 h HD 3 
times per week are known to adversely impact the cardio-
vascular system  [10–12]  and there is evidence that more 
frequent  [13]  and extended duration HD  [14, 15]  im-
prove cardiovascular outcomes for patients. While home-
based HD provides extended or more frequent HD for 
some patients, there are barriers (patient-related and 
physician-related) to many undertaking home-HD pro-
grams; in-centre nocturnal haemodialysis (INHD) is an 
underutilized method of delivering extended HD. Evi-
dence suggests INHD programs are feasible  [16] , may im-
prove a number of clinical endpoints  [15, 17–21] , reduce 
LV mass  [22]  and even improve survival  [23] .

  Cardiac MRI (CMR) is the gold-standard for the as-
sessment of LV structure (LV) and function. Measure-
ment of LV dimensions is reproducible in HD patients 
 [24, 25]  and the graded relationship between LV mass and 
cardiovascular risk  [26]  underlines the importance of ac-
curately quantifying LV structure in clinical trials involv-
ing HD patients. The multi-parametric nature of CMR 
means it can give detailed information about myocardial 
tissue characterization, particularly myocardial fibrosis, 
without the need for gadolinium-based contrast agents, 
which are contraindicated in patients with advanced re-
nal disease  [27–29] . Native T1 mapping is a novel, non-
contrast CMR measure that correlates well with histolog-
ical levels of myocardial fibrosis in patients with aortic 
stenosis. Our group and others have shown it is signifi-
cantly raised in HD patients compared to controls  [28, 
29]  and its outstanding reproducibility makes it an attrac-
tive biomarker for the assessment of myocardial fibrosis 
in dialysis patients  [27] .

  In this feasibility study  [30] , we investigated the effects 
of 6-months extended duration INHD on cardiac struc-
ture, function and LV remodelling in prevalent HD pa-
tients.

  Materials and Methods 

 The MIDNIGHT study (ISRCTN16672784) was approved by 
the National Research and Ethics committee (reference: 15/
EM/0268) and sponsored by the University of Leicester. Institu-
tional approval was provided by University Hospitals of Leicester 
NHS Trust (UHL11434). Informed consent was obtained from 
participants.

  Full details of materials and methods are as previously pub-
lished  [30] . This non-randomized controlled trial compared the 

effects of a 6-month program of INHD on cardiac structure and 
function in prevalent HD patients. Twelve patients were recruited 
who had electively switched from CHD to INHD. A control group 
was recruited from patients that remained on standard care. At-
tempts were made to match patients 1:   1 for age, gender, dialysis 
vintage and co-morbidities. Routine clinical and demographic in-
formation was collected for all patients including haematological 
and biochemical parameters. Study methodology is as previously 
described including inclusion and exclusion criteria  [30] . Out-
come measures included CMR, bioimpedance spectroscopy, and 
the quality-of-life questionnaires: SF-12, POS-S Renal, with out-
come measures repeated at 6 months.

  Administration of Dialysis Therapies 
 Patients undertaking INHD dialyzed 3 times per week, over-

night as previously described  [16] . Initial dialysis time was 300 min, 
increasing up to a maximum of 480 min as tolerated throughout 
the 6-month period of intervention. The control group dialyzed for 
240 min 3 times per week and routine care did not change. Blood 
and dialysate flow rates and measures of dialysis adequacy were 
recorded prospectively. All aspects of HD patient care were man-
aged according to standards set by the UK Renal Association  [31] .

  CMR Protocol and Analysis 
 Patients were imaged on a 3 Tesla CMR platform (Skyra, Sie-

mens Medical Imaging, Erlangen, Germany) using an 18-channel 
phased-array anterior coil. CMR protocols for acquiring cine im-
aging and native T1 maps were as previously described  [27, 32] , 
and conformed to internationally recognized standards  [33] . 

  CMR scans were analyzed using the software package CMR 
 [42]  (Circle Cardiovascular Imaging, Calgary, Alberta, Canada) 
and were analyzed offline by a single blinded observer. LV volumes 
and mass, native T1 and myocardial strain (global circumferential 
strain [GCS] and global longitudinal strain [GLS]) were quantified 
as previously described  [27, 34] . Aortic PWV was acquired and as-
sessed using the software JIM version 6 (Xinapse software, UK) as 
previously described  [35] .

  Blood Pressure 
 Blood pressure data, pre- and post-HD, were collected from 

patients’ medical records. An average of 12 recordings (4-week in 
total) prior to start of INHD (intervention group) or prior to base-
line CMR (control group) was calculated. Similarly, 4-week aver-
ages were calculated prior to follow-up CMR in both groups.

  Statistical Analysis 
 Statistical analysis was undertaken using SPSS-24 software 

(Statistical Package for the Social Sciences, Chicago, IL, USA). 
Normality was assessed using the Shapiro-Wilk test, histograms 
and Q-Q plots. Parametric data are expressed as mean ± SD and 
non-parametric data are expressed as median (interquartile range). 
Chi-square tests were used to assess for differences between cate-
gorical variables and are expressed as “count” (%). A mixed mod-
el 2-way analysis of variance was used to assess for differences be-
tween INHD and CHD patients at baseline and study completion; 
multiple comparisons were adjusted using the Sidak’s method. 
Within-group differences are expressed as mean difference and 
95% CIs. Changes in outcome measures were correlated using 
Pearson’s and Spearman’s rank analyses for normally and non-
normally distributed data respectively.
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  Results 

 Twenty-five patients were enrolled between July 2015 
and February 2016.  Figure 1  shows patient flow through 
the study. Patient demographics are shown in  Table 1 . 
There were no significant differences in medication use 
during the study (data not shown). There were 2 drop-
outs from the INHD group following baseline scan due 
to transplantation; 1 patient withdrew consent after 
baseline assessment. Two further patients in the INHD 
group declined follow-up CMR scan. Two patients from 
the CHD group dropped out of the study after complet-
ing the baseline study visit. A further patient from the 
CHD group was excluded from final analysis due to a 
change in HD regimen. Eight patients who completed 
the 6-month INHD program and 9 control patients were 
included in the final CMR analysis and 10 INHD pa-
tients and 11 CHD patients were included for final anal-
ysis of non-CMR  parameters.

  Clinical and Quality-of-Life Parameters 
 Baseline and follow-up results for clinical biochemis-

try, haematology, blood pressure, details of HD prescrip-
tion, dialysis adequacy, bioimpedance spectroscopy and 
quality-of-life assessments are shown in  Table 2 . There 
were significant improvements in serum phosphate levels 

(mean difference [95% CIs] INHD = –0.39 mmol/L [–0.70 
to –0.07], CHD = 0.02 mmol/L [–0.26 to 0.31],  p  = 0.03) 
and reductions in ultrafiltration rates (mean difference 
[95% CIs] INHD  = –2.32 mL/h/kg [–3.74 to –0.91], 
CHD = –0.70 mL/h/kg [–1.98 to 0.57],  p  = 0.05) between 
INHD and control patients over time. Post hoc analysis 
showed the differences over time in serum phosphate and 
ultrafiltration rates were significant only for patients in 
the INHD group ( p  = 0.02 and  p  < 0.01, respectively). 

  LV Volumes and Mass  
 Changes in LVM and volumes are shown in  Table 3 . 

There was a significant reduction in LVM between INHD 
and CHD groups over time (mean difference [95% CI’s] 
INHD = –14.75g [–29.62 to 0.12], CHD = 6.54 g [–7.48 to 
20.57],  p  = 0.02). There was also a significant reduction in 
LVM/LV end-diastolic volume (LVEDV) in the INHD 
patients compared to controls (mean difference [95% CIs] 
INHD = –0.07 g/mL [–0.15 to 0], CHD = 0.06 g/mL [–0.01 
to 0.13],  p  = 0.01), with no significant changes in LVEDV 
between groups. There was a non-significant trend to-
wards improvement in LV ejection fraction ( Fig. 2 ).

  Native T1 Mapping 
 Changes in native T1 values are shown in  Table  3 . 

There were significant reductions in global native T1 

Patients approached for INHD arm (n = 19)
Matched controls approached for CHD arm (n = 12)

INHD patients not providing consent
(n = 6)

INHD patients enrolled in study (n = 13)
Matched CHD patients enrolled in study (n = 12)

INHD loss to final follow-up:
Transplanted (n = 2)
Consent withdrawn (n = 1)

CHD group loss to final follow-up:
Consent withdrawn (n = 1)

CHD patients included in final analysis
(n = 11)

N.B. MRI analysis (n = 9; no follow-up scan n = 1,
excluded due to regimen change n = 1)

INHD patients included in final analysis
(n = 10)

N.B. MRI analysis (n = 8; 2 patients no
follow-up scans)

  Fig. 1.  Study recruitment, flow and patient 
withdrawal. Flow diagram showing patient 
flow through the study. INHD, in-centre 
nocturnal haemodialysis; CHD, conven-
tional haemodialysis; MRI, magnetic reso-
nance imaging. 
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(mean difference [95% CIs] INHD = –30.62 ms [–56.49 
to –4.75], CHD = 0.4 ms [–25.47 to 26.27],  p  = 0.05) and 
non-septal native T1 values (mean difference [95% CIs] 
INHD = –30.93 ms [–58.44 to –3.41], CHD = 8.96 ms 
[–18.56 to 36.47],  p  = 0.02). Post hoc testing confirmed 
significant reductions in both global and non-septal na-
tive T1 time ( p  = 0.02 and  p  = 0.03, respectively;  Fig. 3 a, 
c). There was no significant change in septal native T1 
values ( Fig. 3 b).

  Strain and PWV 
 There were improvements in mean GCS and GLS in 

the INHD group between the start and the end of study 
(–18.83 ± 4.91, –20.15 ± 5.09 and –15.51 ± 4.35%, 
–17.69 ± 2.66%, respectively), though not statistically 
different with analysis of variance testing. Similar-

ly mean PWV improved in the INHD group (8.67 ± 
4.17–7.59 ± 3.08 ms), though it was not significant ( Ta-
ble 3 ).

  Relationships between Outcome Measures 
 Relationships between changes in baseline and follow-

up CMR outcome measures were evaluated ( Fig.  4 ). 
Change in native T1 (ΔT1; [ r   = 0.526,  p   = 0.03]) and 
change in non-septal T1 (ΔnonseptalT1;  r  = 0.687,  p  = 
0.01) correlated with change in LVM. There was no rela-
tionship found between ΔLVM and change in septal T1 
(ΔseptalT1;  r  = 0.145,  p  = 0.59). No relationship was ob-
served between ΔT1 and change in hydration status as-
sessed with bio-impedance spectroscopy (ΔHydration). 
Similarly, there were no relationships between Δphosphate 
or ΔUF rate and ΔT1 or ΔLVM.

Table 1.  Demographic and dialysis details

INHD group (n = 13) CHD group (n = 12)

Age, years 55 (35) 63 (19)
Gender, male, % 11 (85) 10 (83)
Dialysis vintage, months 34.3±36.0 39.4±53.3
Cause of End stage renal disease, n (%)

Diabetes mellitus 1 (8) 1 (8)
Glomerulonephritis 4 (30) 1 (8)
ADPKD 0 (0) 1 (8)
Other 1 (8) 4 (34)
Uncertain 7 (54) 5 (42)

Vascular access, n (%)
Arteriovenous fistula/graft 8 (62) 12 (100)
Tunneled dialysis catheter 5 (38) 0 (0)

Medical comorbidities, n
Diabetes mellitus 2 2
Hypertension 5 8
Ischaemic heart disease 2 1
Atrial fibrillation 2 0
Peripheral vascular disease 1 0
Cerebrovascular disease 0 1

Medications, n Baseline Follow-up Baseline Follow-up
ACE-i/ARB 3 3 1 3
Beta-blocker 3 3 5 3
Alpha blocker 1 2 2 2
Calcium channel blocker 1 2 3 2
Loop-diuretics 1 1 2 1
Calcium containing phosphate binder 4 3 4 3
Non-calcium containing phosphate binder 5 3 3 3

 Table showing demographic data, including prescribed medications, and dialysis details. Values expressed are 
either: mean ± SD or median (interquartile range). INHD, in-centre nocturnal haemodialysis; CHD, conventio-
nal haemodialysis; ADPKD, autosomal dominant polycystic kidney disease; ACE-i, angiotensin converting en-
zyme inhibitor; ARB, angiotensin II receptor antagonist.
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  Sensitivity Analyses 
 Sensitivity analyses were conducted on CMR outcomes 

to account for missing data. We assumed no change for 
missing follow-up data and imputed baseline values  [36] . 
This increased sample sizes to 11 in each group. Results 
for changes in LVM, LVM/LVEDV and non-septal T1 
values remained statistically significant, while global T1 
values showed a trend towards significance (mean differ-
ence [95% CIs] INHD = 17.58 ms [–1.29 to 36.44], CHD = 
–0.29 ms [–19.16 to 18.57],  p  = 0.12).

INHD, 
mean ± SD

CHD, 
mean ± SD

p value

Pre-HD systolic blood pressure, 
mm Hg
Baseline
End of study

0.71
141±34 
144±26

134±19
134±27

Pre-HD diastolic blood pressure, 
mm Hg
Baseline
End of study

0.87
75±17
73±8

72±13 
71±12

Post-HD systolic blood pressure, 
mm Hg
Baseline
End of study

0.20
135±30 
132±19

122±20 
130±19

Post-HD diastolic blood pressure, 
mm Hg
Baseline
End of study

0.66
73±15
71±10

67±16
67±15

Dialysis details*Dialysis duration, min
Baseline
End of study

244±9 246±9
<0.01

410±86 245±13
Ultrfiltration volume per session, 

mL
Baseline
End of Study

0.06
2.05±0.91
2.21±1.04

2.33±0.83
2.09±0.97*Ultrafiltration rate, mL/h/kg

Baseline
End of study

6.21±1.80 7.63±2.62
0.05

4.13±2.41 6.50±2.26
Blood flow rate, mL/min

Baseline
End of study

311.6±42.5 314.8±21.6
0.18

268.8±35.1 315.5±16.6*Urea reduction ratio, %
Baseline
End of study

68±10 78±9
0.01

83±8 78±6

Routine clinical blood tests
Haemoglobin, g/dL

Baseline
End of Study

104.0±17.2 113.8±14.9
0.17

115.4±14.8 117.1±13.1
Phosphate, mmol/L

Baseline
End of study

1.71±0.54 1.62±0.39
0.03

1.32±0.44 1.64±0.39

Table 2.  Changes in physical, humoral and quality-of-life outcomes between patients undergoing in-centre nocturnal vs. standard hae-
modialysis

INHD, 
mean ± SD

CHD, 
mean ± SD

p value

Calcium, mmol/L
Baseline
End of study

2.35±0.23 2.31±0.16
0.30

2.47±0.26 2.30±0.14

Body composition
Overhydration, L

Baseline
End of study

2.3±2.2 1.4±1.5
0.25

0.8±1.2 0.4±2.2
Body mass index, kg/m2

Baseline
End of study

29.1±7.8 28.5±7.7
0.29

29.6±7.6 28.4±8.0
Lean tissue index, kg/m2

Baseline
End of study

13.7±4.7 13.1±4.6
0.36

13.3±4.4 13.3±4.6
Fat tissue Index, kg/m2

Baseline
End of study

14.6±9.6 15.8±10
0.14

14.6±9.6 15.8±10

Quality of life
SF12-PCS

Baseline
End of study

38.3±11.4 39.8±7.5
0.19

39.5±9.7 35.6±11.8
SF12-MCS

Baseline
End of study

47.7±8.5 42.3±12.2
0.09

43.2±12.4 46.9±12.5
POS-S Renal

Baseline
End of study

20±10 17±11
0.62

19±9 18±9

 Table showing blood pressure, routine dialysis and clinical mea-
sures, body composition and quality-of-life scores at baseline and 
follow-up in both intervention and control arms. p values relate to 
group by time interactions from 2-way ANOVA, values highlighted 
with an asterisk had significant time by group interactions. INHD, 
in-centre nocturnal haemodialysis; CHD, conventional haemodialy-
sis; SD, standard deviation; HD, haemodialysis; SF12-PCS, 12-Item 
Short Form Health Survey, Physical Component Score; SF12-MCS, 
12-Item Short Form Health Survey, Mental Component Score; POS-
S, Palliative care Outcome Scale – Symptoms.

  Discussion 

 In-centre nocturnal HD was associated with a 12% re-
duction in LVM as previously described  [22]  with a final, 
overall change between INHD patients and controls of 22 
g. This is comparable to trials of both frequent HD (6-
time per week)  [13]  and home nocturnal HD  [37] . The 
observation that LVM and LVM/LVEDV reduced signif-
icantly compared to control patients, with no differences 
in LVEDV, confirms the reductions in LVM are unre-
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lated to cardiac loading status and suggests INHD pro-
motes favourable cardiac remodelling. The reduction in 
native T1 mapping in the INHD group compared to con-
trols suggests a reduction in myocardial fibrosis, with re-
ductions seeming to be greatest in non-septal myocardi-
um. 

  Our group has previously shown that one third of HD 
patients have increased native T1 signal in the interven-

tricular septum that resemble areas of focal enhancement 
typically seen in patients who undergo gadolinium en-
hanced CMR  [27, 38] . These areas have significantly 
higher native T1 times and are likely to represent replace-
ment (irreversible) fibrosis. While native T1 times in 
non-septal myocardium of HD patients are higher than 
those in controls, there are fewer areas of discretely en-
hanced signal suggesting diffuse interstitial (reversible) 
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 Fig. 2.  Changes in left ventricular function and geometry. Data 
show changes in: ( a ) left ventricular mass; ( b ) LVM/LVEDV; and 
( c ) left ventricular ejection fraction after 6-month for both CHD 
and INHD patients. Data shown are mean values with error bars 

representing standard deviation. CMR, cardiac magnetic reso-
nance imaging; CHD, conventional haemodialysis; INHD, in-cen-
tre nocturnal haemodialysis; LVM, left ventricular mass; LVEDV, 
left ventricular end-diastolic volume.

INHD, 
mean ± SD

CHD, 
mean ± SD

p value

*LVM, g
Baseline
End of study

121±50 95±20 0.02
106±46 102±27

LVEDV, mL
Baseline
End of study

179±57 166±48 0.90
171±51 157±37*LVM/LVEDV, g/mL

Baseline
End of study

0.67±0.11 0.59±0.11 0.01
0.60±0.09 0.65±0.07

LVEF, %
Baseline
End of study

50.5±7.5 54.0±5.5 0.11
54.2±6.6 53.8±5.5*Global T1 value, ms

Baseline
End of study

1,272±21 1,270±47 0.05
1,241±25 1,270±35*Non-septal T1 value, ms

Baseline
End of study

1,255±20 1,247±47 0.02
1,224±28 1,256±33

Septal T1 value, ms
Baseline
End of study

1,293±30 1,300±44 0.37
1,265±27 1,289±40

INHD, 
mean ± SD

CHD, 
mean ± SD

p value

Circumferential PSS, %
Baseline
End of study

–18.83±4.91 –20.62±3.29 0.78
–20.15±5.09 –21.52±3.86

Longitudinal PSS, %
Baseline
End of study

–15.51±4.35 –18.06±2.42 0.32
–17.69±2.66 –18.21±4.11

Pulse wave velocity, ms
Baseline
End of study

8.67±4.17 7.64±4.00 0.21
7.59±3.08 8.13±3.11

 Table showing changes in left ventricular mass, volume, strain 
and T1 values at baseline and follow-up in both intervention and 
control arms. p values relate to group by time interactions from 
2-way ANOVA. Variables highlighted with an asterisk had signi-
ficant time by group interactions. MRI, magnetic resonance ima-
ging; INHD, in-centre nocturnal haemodialysis; CHD, conventio-
nal haemodialysis; LVM, left ventricular mass; LVEDV, left ven-
tricular end diastolic volume; LVEF, left ventricular ejection frac-
tion; PSS, peak systolic strain.

Table 3.  Changes in cardiac structure, function and tissue characterization measured by cardiac MRI
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fibrosis predominates in these areas. The observation in 
this study that native T1 reduced in the non-septal myo-
cardium of INHD patients suggests reversal of diffuse in-
terstitial myocardial fibrosis or myocardial inflamma-
tion. This hypothesis is supported by the relationships we 
have described between ΔLVM, ΔT1, ΔnonseptalT1, and 
ΔseptalT1. The ΔLVM between scans correlated strongly 
with ΔT1 and ΔnonseptalT1, but not ΔseptalT1, suggest-
ing reductions in LVM may be partly explained by reduc-
tions in non-septal diffuse interstitial fibrosis. These find-
ings are supported by a study by Jin et al.  [39]  who showed 
that 12-month of INHD led to a reduction in LVM and 
myocardial fibrosis assessed with calibrated integrated 
backscatter derived from 2D echocardiography. 

  The observed change in LVM between the groups was 
driven by a combination of a reduction in LVM in the 
INHD (who had higher baseline LVM compared to con-
trols) and an increase in LVM in the CHD group. While 
this may represent a “regression to the mean” phenome-
non, the changes in LVM/LVEDV suggest that the chang-
es are reflective of beneficial concentric remodelling. The 
reductions in native T1 related to INHD suggest an im-
provement in myocardial fibrosis. The trends towards 

improvements in GCS, GLS and PWV are hypothesis 
generating and should be explored in larger studies of 
INHD, as modification of these measures may add mech-
anistic insight into the cardiac remodelling we have de-
scribed. 

  The CMR outcome measures we have described are 
surrogate end points. The associations between LV hy-
pertrophy, its progression and subsequent outcomes for 
HD patients are well known  [40] . It is not clear, however, 
whether reduction in LVM is always associated with im-
proved outcomes for HD patients; indeed a recent sys-
tematic review showed that there is no consistent asso-
ciation between LVM reduction and mortality  [41] . This 
is possibly because LVM is an insufficiently sensitive 
measure of myocardial remodelling and cannot distin-
guish between interventions that lead to a reduction in 
myocyte hypertrophy and interventions that lead to a re-
duction in extra-cellular volume and interstitial fibrosis.

  The observed improvement in phosphate control is an 
established benefit of extended HD times  [16, 18, 22, 42–
44] . Additionally, the literature suggests that improve-
ments in phosphate that accompany extended periods of 
HD are accompanied by a reduction in phosphate binders 

INHDCHD
1,175

1,200

1,225

1,250

1,275

1,300

1,325

1,350

Gl
ob

al
 T

1 
va

lu
e,

 m
s

p = 0.02

INHDCHD
1,175

1,200

1,225

1,250

1,275

1,300

1,325

1,350

Se
pt

al
 re

gi
on

 T
1 

va
lu

e,
 m

s
INHDCHD

1,175

1,200

1,225

1,250

1,275

1,300

1,325

1,350

N
on

-s
ep

ta
l r

eg
io

n 
T1

 v
al

ue
, m

s p = 0.03

FinalBaseline

a b

c

  Fig. 3.  Changes in global and regional T1 values of the left ventricle. 
Histograms show baseline and 6-month follow-up data for: ( a ) 
global T1 values; ( b ) septal region T1; and ( c ) non-septal region T1 

values measure using cardiac magnetic resonance. Data shown are 
mean values with error bars representing SD. CHD, conventional 
haemodialysis; INHD, in-centre nocturnal haemodialysis. 
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 [22, 45–47] . Although we did not demonstrate a signifi-
cant reduction in the number of phosphate binders, this 
is likely due to the small numbers of patients in this study 
and the limited follow-up. Similarly, while we have not 
demonstrated any association between change in phos-
phate and change in LVM or native T1, the reduction in 
serum phosphate is striking. Given the associations be-
tween levels of serum phosphate and FGF-23-driven 
LVH  [48–50] , the links between phosphate and the im-
provement in cardiac remodelling we describe should be 
tested in larger studies of extended HD. Similarly, INHD 
was not associated with significant differences in body 
composition compared to CHD, including pre-dialysis 
over-hydration. We did not show any significant change 
in systolic or diastolic blood pressure or in the use of an-
ti-hypertensives as shown previously  [18, 21] . Some have 
suggested that this may be one of the reasons for reduc-
tions in LVM associated with INHD. The fact that we 
have seen a reduction in LVM with no change in blood 

pressure may suggest that factors independent of blood 
pressure may contribute to the improvements in cardiac 
remodelling we describe. However, it is also possible that 
our small sample size masks important effects of blood 
pressure on INHD-related cardiac remodelling. As we 
have shown previously, while there is a small increase in 
the total ultrafiltration volumes of patients undergoing 
INHD compared to CHD, this is abrogated by the in-
creased length of time over which patients dialyse. The 
absolute ultrafiltration rates we report are significantly 
lower in the INHD group than those in the CHD group. 
Speed of ultrafiltration associates strongly with frequency 
and severity of intra-dialytic myocardial stunning events 
 [51] , and repeated intra-dialytic myocardial stunning is 
known to lead to myocardial fibrosis  [6] . The reduction 
in ultrafiltration rates and consequent reduction in myo-
cardial stunning events is a possible mechanism for the 
reduction in native T1 times and myocardial fibrosis that 
we have shown in this study in patients undergoing 
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 Fig. 4.  The relationships between changes in baseline and follow-
up CMR outcome measures. Plots showing the correlations be-
tween: ( a ) Change in left ventricular (LV) mass and change in T1 
score; ( b ) Change in left ventricular (LV) mass and change in non-

septal T1 score; ( c ) Change in left ventricular (LV) mass and 
change in septal T1 score; and ( d ) change in over-hydration status 
and change in T1 score. CMR, cardiac magnetic resonance imag-
ing; LVM, left ventricular mass; OH, over hydration.
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INHD. As previously described, INHD programs are an 
alternative way of offering extended dialysis sessions to 
patients and increasing the choice available to both pa-
tients and clinicians  [16, 22] . INHD programs may lead 
to improved quality-of-life scores compared to CHD 
 [18] , and a reduction in dialysis-related symptoms and 
sleep quality  [47, 52] .

  Limitations 

 The sample size is small, but this was designed as a fea-
sibility study. The design of this study was non-random-
ized with patients electing to switch to INHD introducing 
intrinsic selection bias. Those in the CHD group were 
older than those in the INHD group (non-significant) but 
also had lower baseline values for LVM. Native T1 map-
ping is a promising imaging biomarker for myocardial 
fibrosis in HD patients, but there are no histological stud-
ies in HD patients that confirm the relationship between 
histological myocardial fibrosis and native T1 value.

  From the total number of patients recruited to the 
INHD and CHD group, 22% did not complete all aspects 
of the study. Although this loss of patients appears high, 
this does not represent the feasibility of the intervention 
or the integrity of the data after sensitivity analysis. With-
in the INHD arm of the study, all patients continued with 
INHD unless a superior form of renal replacement ther-
apy was offered (transplantation  n  = 2). Furthermore, an 
INHD programme has been established across the Leices-
ter Renal Network since 2014 and provides 10% of in-

centre dialysis capacity. Thus, INHD is an acceptable 
method of renal replacement therapy and we do not an-
ticipate recruitment to INHD to be a limiting factor. 

  Conclusions 

 A 6-month program of extended hours INHD is asso-
ciated with favourable LV remodelling and reduction in 
myocardial T1 (a surrogate of myocardial fibrosis) com-
pared to control patients on conventional HD. This is the 
first study to report the effects of an intervention on na-
tive T1 values in HD patients, and that native T1 is mod-
ifiable. This promising data should be viewed as hypoth-
esis generating and require testing in adequately powered 
studies.
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