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Mineral Metabolism Disturbances and Arteriovenous Fistula Maturation
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WHAT THIS PAPER ADDS

Patients with chronic kidney disease have disturbances of mineral metabolism, which may interfere with the
vascular remodelling process required for successful maturation of arteriovenous fistulae. To the authors’
knowledge, this is the first study of end stage renal disease patients, either undergoing or anticipated to soon
require maintenance haemodialysis, to assess relationships between serum mineral metabolites and abnor-
malities of vein segments used to create haemodialysis arteriovenous fistulas, and with fistula maturation.
Although these veins exhibit distinct unusual features, the measured mineral metabolism markers were not
materially associated with functional arteriovenous fistula maturation.

Background: The arteriovenous fistula (AVF) is central to haemodialysis treatment, but up to half of surgically
created AVF fail to mature. Chronic kidney disease often leads to mineral metabolism disturbances that may
interfere with AVF maturation through adverse vascular effects. This study tested associations between
mineral metabolism markers and vein histology at AVF creation and unassisted and overall clinical AVF
maturation.

Methods: Concentrations of fibroblast growth factor 23, parathyroid hormone, calcium, phosphate, and vitamin
D metabolites: 1,25(0H),D, 24,25(0OH),D, 25(0OH)D, and bioavailable 25(0OH)D were measured in pre-operative
serum samples from 562 of 602 participants in the Haemodialysis Fistula Maturation Study, a multicentre,
prospective cohort study of patients undergoing surgical creation of an autologous upper extremity AVF.
Unassisted and overall AVF maturation were ascertained for 540 and 527 participants, respectively, within
nine months of surgery or four weeks of dialysis initiation. Study personnel obtained vein segments adjacent
to the portion of the vein used for anastomosis, which were processed, embedded, and stained for
measurement of neointimal hyperplasia, calcification, and collagen deposition in the medial wall.

Results: Participants in this substudy were 71% male, 43% black, and had a mean age of 55 years. Failure to
achieve AVF maturation without assistance occurred in 288 (53%) participants for whom this outcome was
determined. In demographic and further adjusted models, mineral metabolism markers were not significantly
associated with vein histology characteristics, unassisted AVF maturation failure, or overall maturation failure,
other than a biologically unexplained association of higher 24,25(0H),D with overall failure. This exception
aside, associations were non-significant for continuous and categorical analyses and relevant subgroups.
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Conclusions: Serum concentrations of measured mineral metabolites were not substantially associated with
major histological characteristics of veins in patients undergoing AVF creation surgery, or with AVF maturation
failure, suggesting that efforts to improve AVF maturation rates should increase attention to other processes
such as vein mechanics, anatomy, and cellular metabolism among end stage renal disease patients.
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INTRODUCTION

The arteriovenous fistula (AVF) is central for providing life
sustaining haemodialysis treatments for end stage renal
disease (ESRD) patients."* Created by surgical anastomosis
of a feeding artery and a draining vein, AVFs require sub-
sequent maturation through a series of biological steps that
include vasodilation, suppression of neointimal hyperplasia,
outward remodelling, and expansion of the vessel lumen.
However, up to half of all surgically created AVFs fail to
achieve maturation and no therapies meaningfully improve
AVF maturation outcomes.””

Chronic kidney disease (CKD) leads to interrelated dis-
turbances in mineral and bone metabolism, termed chronic
kidney disease mineral bone disorder (CKD-MBD), which
may perturb the orderly vascular remodelling process
required for AVF maturation. For example, deficiency of
calcitriol, the activated form of vitamin D, stimulates pro-
inflammatory and pro-thrombotic cytokines and activates
the renin angiotensin system.>® Genetic ablation of the
vitamin D receptor in animal models stimulates renin
expression with subsequent synthesis of angiotensin and
aldosterone.” Phosphate excess transforms arterial smooth
muscle tissue into osteoblast-like cells, promoting calcifi-
cation and arterial stiffness. Parathyroid hormone (PTH)
stimulates renin release, raises intracellular calcium, and is
associated with reduced vessel capacitance.”*°

It was hypothesised that mineral metabolism distur-
bances of CKD are associated with AVF maturation failure.
To test this hypothesis, serum concentrations of four
vitamin D metabolites plus fibroblast growth factor 23
(FGF-23), PTH, calcium, and phosphate were measured in
562 participants undergoing AVF creation surgery in a
dedicated prospective study. Associations of individual
vitamin D markers were evaluated with a) unassisted AVF
maturation failure, b) overall AVF maturation failure, and
c) histological characteristics of a segment of vein imme-
diately adjacent to the portion used for fistula anastomosis
creation.

MATERIALS AND METHODS

Study population

The Haemodialysis Fistula Maturation (HFM) Study
enrolled 602 women and men with ESRD who underwent
single stage surgical creation of an autologous upper ex-
tremity AVF for maintenance haemodialysis from March
2010 to September 2014 at any of seven university affili-
ated vascular access referral centres in the United States.™"

All participants were followed prospectively to determine
whether their AVF matured. Approximately 65% of par-
ticipants were receiving maintenance dialysis at the time
of enrolment with the remainder anticipated to start
dialysis within three months of surgery. Patients were
excluded from participation if they were > 80 years old
and not yet receiving maintenance dialysis, or if they had
an anticipated life expectancy of < 9 months. All partici-
pants provided written informed consent. The study was
approved by institutional review boards at each site and
the principles delineated in the Declaration of Helsinki
were followed.

A total of 562 HFM Study participants (93.4%) provided a
baseline blood sample for analysis of vitamin D and mineral
metabolism markers. For the intermediate outcome of vein
histology, vein sample cross sections judged sufficiently
complete for assessment of the presence of calcification
were available in 519 participants (86.2%), for ordinal
grading of collagen deposition in 403 participants (66.9%),
and for quantitative assessment of neointimal hyperplasia
(NIH) in 345 (57.5%).

Mineral metabolite measurements

Blood specimens were obtained by HFM Study coordinators
after overnight fasting within 0—221 (median 6, IQR 2—12,
90th percentile 26) days prior to surgical AVF creation and
were stored at —80 °C. All specimens were first use (no
previous freeze thaw). Immuno-affinity enrichment liquid
chromatography tandem mass spectrometry (LC-MS/MS)
was used to quantify circulating concentrations of
1,25(0OH),D,, 1,25(0H),Ds, 24,25(0H),D3, 25(0H)D,, 25(0OH)
D5.'*** Trypsin digestion LC-MS/MS was used to quantify
vitamin D binding globulin (DBG) and identify DBP iso-
forms.™* Specimens were thawed, alkalised with sodium
hydroxide, covered, vortexed, and incubated at room tem-
perature. Inter-assay coefficients of variation (CV) for
vitamin D metabolites ranged from 3.5% to 10.4% at high
and low measured concentrations. Total serum 1,25(0OH),D
was calculated as: 1,25(0OH),D, + 1,25(0OH),Ds and total
serum 25(0OH)D as: 25(0OH)D, + 25(OH)Ds. Bioavailable
25(0OH)D was calculated as previously reported.’® Serum
FGF-23 concentrations were measured using the Kainos
immunoassay (singlicate inter-assay CV between 6.7% and
12.4%).16 Serum intact PTH concentrations were measured
using an automated two site immunoassay (Beckman—
Coulter, Inc., Brea, USA; inter-assay CV between 3.4% and
6.1%). Serum calcium concentrations were measured by
indirect ion selective electrode and serum phosphate
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concentrations were measured using a timed rate color-
imetry reaction.

Measurement of AVF maturation outcomes

The HFM Study outcome definition of unassisted AVF
maturation was clinical use of the AVF with two needles for
75% of dialysis sessions within a four week period and
either a mean dialysis machine blood pump speed of >
300 mL/min over four consecutive sessions or, if that was
not obtained, a measured spKt/V > 1.4 or a urea reduction
ratio (URR) > 70%. The first of the four qualifying sessions
with pump speed > 300 mL/min, or the date of the qual-
ifying spKt/V or URR, had to occur by either nine months

721

after AVF creation surgery or four weeks after dialysis
initiation. The secondary outcome of overall AVF maturation
(assisted or unassisted) was also evaluated. This outcome
employed the same criteria but also allowed for endovas-
cular or surgical interventions to aid in fistula maturation.

Determination of vein histology

A segment of vein immediately adjacent to that portion
used for fistula anastomosis creation was surgically
removed at the time of AVF creation, placed in 10%
neutral buffered formalin followed by 70% ethanol after
24—72 hours, and shipped to the HFM Study Histology
Core laboratory as previously described.'**’ Tissue was

Table 1. Baseline characteristics of 540 Haemodialysis Fistula Maturation Study participants
Overall Unassisted fistula maturation Unassisted fistula maturation
success (N = 252) failure (N = 288)
Age at time of consent, years 55.0 £ 13.5 53.3 £ 13.9 56.2 + 13.3
Male 398 (71) 191 (76) 189 (66)
Black race 243 (44) 105 (43) 129 (45)
Prevalent cardiovascular disease 270 (48) 114 (45) 143 (50)
History of diabetes 337 (60) 141 (56) 182 (63)
Maintenance dialysis 362 (64) 167 (66) 191 (66)
Education *

No high school diploma 152 (28) 77 (31) 71 (25)

High school diploma 152 (28) 65 (26) 79 (28)

Post-secondary education 243 (44) 104 (42) 129 (46)
Smoking status

Current smoker 98 (18) 46 (18) 47 (16)

Former smoker 201 (36) 88 (35) 105 (37)

Never smoked 259 (46) 115 (46) 135 (47)
Fistula location

Forearm 132 (23) 52 (21) 71 (25)

Upper arm 430 (77) 200 (79) 217 (75)
Vein type

Forearm basilic vein 10 (2) 6 (2) 3(1)

Forearm cephalic vein 122 (22) 46 (18) 68 (24)

Upper arm basilic vein 153 (27) 65 (26) 82 (28)

Upper arm brachial vein 9(2) 3(1) 5(2)

Upper arm cephalic vein 268 (48) 132 (52) 130 (45)
PWV: carotid-femoral, m/s” 10.6 + 3.2 10.5 £ 3.2 10.7 +£ 3.1
PWV: carotid-radial, m/s® 8.8+ 1.7 8.8 +1.7 8.8 +1.7
Minimum pre-op draining vein diameter® 29+1.1 3.0+1.1 29+1.0
Pre-op upper arm fistula feeding artery flow*® 56.5 (33.8—85.2) 49.0 (28.4—82.5) 62.4 (40.5—87.6)
Body mass index, kg/m® 304+ 7.6 29.0 £ 7.2 314 +77
Systolic blood pressure, mmHg 151.4 + 23.8 151.8 + 24.6 151.5 + 23.1
Statin use 313 (56) 134 (53) 163 (57)
Oral calcitriol or hectorol use 133 (24) 61 (24) 63 (22)
Cholecalciferol use 101 (18) 32 (13) 64 (22)
Phosphate binder use 329 (59) 172 (68) 149 (52)

C reactive protein, mg/L 15.1 £+ 28.2 13.0 £ 21.4 16.8 + 31.7
Albumin, mg/dL 3.5+ 0.6 3.5+ 0.6 3.5+ 0.6
Haemoglobin, g/L 105+ 1.7 10.3 £ 1.6 10.6 £ 1.7

Unassisted fistula maturation outcomes directly observed for 540 of the 562 study participants. All values in table presented as mean =+ standard
deviation for continuous covariates or median (interquartile range) if substantially skewed, and N (%) for categorical covariates. PWV = pulse

wave velocity.

2 n = 506.
b =337.
°n =353
dn = 446.

¢n=120.
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processed and embedded in paraffin following standard
protocols. Four micron sections were placed onto slides
and stained with Alizarin red S for calcium assessment and
Movat’s pentachrome procedure for morphometry.
Movat’s pentachrome procedure sharply defines key vein
structures including collagen, nuclei, muscle, and fibrin,
distinguishing in a single section the three histological
layers (intima, media, adventitia) comprising the vein wall
(Fig. S1).* These staining features allowed definition of
the vein lumen and space occupied by any NIH and
localisation of pathological alterations such as accumula-
tions of calcium or collagen (Fig. S2). Slides were photo-
graphed at 40X and imported into ImagePro Plus software
for analysis.

The HFM Study Histology Core quantified NIH as the
percentage of the lumen area on one vein cross section
slide occupied by NIH, scored the amount of collagen in the
medial and internal elastic lamina (IEL) layers of the vein
into one of the following categories: none, 1—25%, 26—
50%, or 50—75%; and classified venous calcification in the
intima and/or media as present in both layers, present in
one, or absent. NIH quantification was restricted to fully
circumferential cross sectional vein slices, which were
available for 345 patients. Because only four participants
had calcification in both the intima and media, calcium was
defined as present vs. absent.

Other data collection

HFM  Study coordinators assessed participant de-
mographics, past medical histories, and social habits using
standardised questionnaires and by abstracting relevant
information from participants’ medical chart and pharmacy
records. At baseline, height and weight were directly
measured and vascular laboratory technicians measured
blood pressure three times in the non-access arm. Serum
concentrations of albumin, creatinine, and C-reactive pro-
tein were measured at the University of Washington Kidney
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Research Institute using the Beckman—Coulter DXC auto-
mated chemistry platform.

Statistical analyses

A previously validated cosinor model for periodic data was
used to estimate the mean annual 25(0OH)D concentration
based on measured total 25(0OH)D concentrations and the
season of the year.*®

Loglinear Poisson regression models with robust stan-
dard error estimates were used to estimate the relative
risks of AVF maturation failure associated with specified
increments or multiples of each mineral metabolism
marker, after adjustment for potential confounding char-
acteristics.>?° A minimally adjusted model controlled for
age, gender, and race. A second model added history of
diabetes; body mass index (BMI); systolic blood pressure;
smoking; education; maintenance dialysis status on HFM
Study enrolment; and the use of oral calcitriol, paricalcitol,
and vitamin D supplements (cholecalciferol or ergo-
calciferol). Models of AVF outcomes also adjusted for use
of phosphate binders. Multiple imputation with 10 impu-
tations and chained equations were used to account for
missingness in unassisted AVF maturation (n = 22), overall
AVF maturation (n = 35), race (n = 8), smoking (n = 4),
and education (n = 15).?" Resulting estimates were com-
bined using Rubin’s rules to account for variability in the
imputation procedure.”” To screen for pronounced non-
linearity, comparable but simplified models were fit in
which each mineral metabolism marker was collapsed to
tertiles or groups based on conventional cutpoints.”® Effect
modification was also examined by age (< 55 vs. > 55),
sex, race (black or other), dialysis (chronic vs. pre-dialysis
at AVF creation surgery), and AVF location (forearm or
upper arm).

We used multiple linear regression models to assess
associations of vitamin D metabolites with NIH, analogous
ordinal regression models to assess their associations

Table 2. Associations between mineral metabolism markers and unassisted fistula maturation failure
Mineral marker Increment Model 17 Model 2°
aRR (95% CI) p value aRR (95% CI) p value

Fibroblast growth factor (FGF) 23 Per 50% greater 0.99 (0.97—1.01) .23 0.99 (0.97—1.02) .58
Parathyroid hormone (PTH) Per 50% greater 0.99 (0.96—1.03) .69 0.99 (0.96—1.02) .61
Calcium Per 1.0 mg/dL greater 1.00 (0.92—1.09) .99 1.00 (0.92—1.09) .98
Phosphate Per 1.0 mg/dL greater 0.99 (0.93—1.05) .65 0.99 (0.93—1.05) .70
1,25(0H),D Per 10 pg/mL greater 1.00 (0.95—1.05) .98 1.00 (0.95—1.05) .92
25(0OH)D Per 10 ng/mL greater 0.98 (0.93—1.03) 42 0.98 (0.92—1.04) .43
Bioavailable 25(OH)D Per 1.0 ng/mL greater 1.00 (0.96—1.05) .85 1.01 (0.96—1.06) .75
24,25(0H),D Per 0.5 ng/mL greater 1.05 (0.97—-1.13) .26 1.05 (0.97—-1.13) .26

Unassisted fistula maturation outcomes imputed for all 562 study participants. aRR = adjusted relative risk; FGF 23 = fibroblast growth factor 23;
PTH = parathyroid hormone; aRR = adjusted relative risk; CI = confidence interval.

@ Model 1 adjusted for age, sex, black race, and study site.

® Model 2 adds adjustment for body mass index, maintenance dialysis status, previous diabetes, education (less than high school/high school
diploma/more than high school), systolic blood pressure, smoking status, and use of calcitriol, paricalcitol, vitamin D supplementation, and

phosphate binders.
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with the amount of venous medial and IEL collagen, and
logistic regression models to assess their associations with
vein calcification, in each case adjusting for the covariable
sets described above. As above, models were fit treating
the mineral metabolism markers as continuous predictors
or, alternatively, as categories using the likelihood ratio
test to compare groups. The amount of missing covariable
data was small (n = 14 cases), and missing or incomplete
cross section vein samples were most likely due to
completely random technical surgical or processing is-
sues; therefore complete case analyses were used for
histology analyses.

Analyses were performed using SAS v 9.4 University
Edition and R v 3.2.3.

RESULTS

Study population

Among the 562 HFM Study participants included in this
substudy, the mean age was 55 years, 70% were male, 43%
were black, and 60% had a prior history of diabetes.
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Fistulas were created in the upper arms of 70% of par-
ticipants. The participants in this substudy were qualita-
tively similar to the entire cohort. Failure to achieve AVF
maturation without a surgical or endovascular intervention
(unassisted maturation) occurred in 53% of the 540 par-
ticipants who had this outcome observed, while overall
maturation failure occurred in 29% of the 527 participants
for whom this outcome was determined. Compared with
participants with unassisted maturation success, those
with unassisted maturation failure tended to be older,
have a higher BMI, and were more likely to be female
(Table 1).

Associations with unassisted fistula maturation

After basic adjustment for age, sex, race, and study site
(Model 1), none of the mineral metabolism markers,
assessed as continuous exposures, were associated with
unassisted AVF maturation failure (Table 2). Similar non-
significant associations were observed after further
adjustment for BMI, dialysis status, diabetes, education,
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Fistula location
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Figure 1. Associations between continuous serum mineral metabolism concentrations and
unassisted fistula maturation failure by subgroup. X axes show the adjusted relative risk of
unassisted fistula maturation failure per unit increment in each mineral metabolism marker
within subgroups. The solid squares represent estimated relative risks and the solid hori-
zontal bars represent 95% confidence intervals. The dashed vertical line indicates the null
association (relative risk of 1.0). All models adjusted for age, sex, black race, study site, body
mass index, dialysis status, previous diabetes, education (less than high school/high school
diploma/more than high school), systolic blood pressure, smoking status, and use of calci-
triol, paricalcitol, vitamin D supplementation, and phosphate binders (Model 2). Missing
unassisted fistula maturation outcomes were multiply imputed. Bioav. Vit. D = bioavailable
vitamin D; FGF-23 = fibroblast growth factor-23; PTH = parathyroid hormone.
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smoking, blood pressure, and medications (Model 2). Cal-
cium and phosphate did not significantly interact in either
model. There were also no significant associations between
mineral metabolism markers using tertiles or clinically
accepted cut points and unassisted AVF maturation failure.
Associations between serum concentrations of mineral
metabolism markers and unassisted AVF maturation failure
outcomes were similar in size across categories of age,
gender, race, fistula location, and dialysis status (Fig. 1).

Associations with overall fistula maturation

Failure to achieve overall AVF maturation (with or without
assistance) occurred in 29% of 527 participants who had
this outcome resolved. Serum concentrations of FGF-23,
PTH, phosphate, calcium, and all but one vitamin D
metabolite, assessed continuously, were not significantly
associated with overall AVF maturation failure in de-
mographic adjusted or further adjusted models (Table S1).
The sole exception was a 17% greater risk of overall AVF
maturation failure per 0.5 ng/dL higher serum 24,25(0H),D
concentration in both the demographically and fully
adjusted models (p = .01 for both models, 95% Cl 4—30%
greater after full adjustment). Analyses by tertiles also
found this marker, but no other mineral metabolism
markers, to be statistically significantly associated with
overall maturation failure (p = .03 for both models, data
not shown).

Associations with vein histology

NIH was present in 88.1% of participants in the subcohort.
The median proportion of the venous lumen staining for
NIH was 25.3%. The proportions of participants classified
as having no extra collagen, < 25% collagen, 26—50%
collagen, and 51—75% collagen in the medial layer of the
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vein were 2.7%, 39.7%, 49.9%, and 7.7%, respectively.
Calcification was present in 11.8% of the venous seg-
ments. There were no statistically significant trends of
mean NIH (Table 3), vein calcification (Table 4), or
collagen deposition (Table 5, Table S2, Fig. 2) with tertiles
of vitamin D metabolites. These results were not materi-
ally altered after basic adjustment for age, race, and
gender (Model 1) or further adjustment for smoking,
blood pressure, BMI, comorbidities, education, and
vitamin D medications (Model 2). Analyses of vitamin D
metabolites as continuous variables also revealed no sig-
nificant associations with NIH in either basic or further
adjusted models.

DISCUSSION

It was hypothesised that serological markers of CKD-MBD
would be associated with AVF maturation failure and
with histological attributes of vein segments obtained
during AVF creation surgery. However, in this multisite
prospective study of newly created AVFs, vitamin D me-
tabolites were not associated with the amount of NIH,
medial or IEL collagen, or the presence of calcification in
the pre-surgical vein. Moreover, associations between
serum concentrations of all but one mineral metabolism
marker and unassisted and overall AVF maturation out-
comes were modest and non-significant in continuous and
categorical analyses, and similarly across clinically relevant
subgroups. Although higher serum 24,25(0OH),D concen-
trations were associated with overall AVF maturation fail-
ure, this finding probably represents chance, because it was
observed in the context of multiple comparisons, is in the
opposite direction of that expected from biological knowl-
edge, and is limited to only one CKD-MBD marker and an
outcome that reflects selective clinical interventions as well

Table 3. Adjusted associations between vitamin D biomarkers and venous neointimal hyperplasia
Vitamin D Tertile Mean Model 1* (n = 345) Model 2° (n = 336)
metabolite NIH % n s
NIH % diff (95% CI) p value NIH % diff (95% CI) p value

1,25(0OH)2D, pm/mL >20.49 30.4 Ref. 22 Ref. .57

8.48—20.49 30.8 -0.2 (-7.67—7.27) 0.44 (-7.27—-8.15)

<8.48 35.7 5.64 (-2.01-13.28) 3.92 (-4.24—12.09)
25(0OH)D, ng/mL >30 29.7 Ref. .28 Ref. .36

20—30 32.2 2.41 (-5.14-9.97) 4.35 (-3.68—12.38)

<20 35 6 (-1.43—-13.44) 5.81 (-2.38—14.01)
Bioavailable >2.95 30.9 Ref.¢ 15 Ref. .25
25(0H)D, ng/mL

1.67—2.95 31.1 1.59 (-5.98—9.14) 1.75 (-6.01—9.50)

<1.67 35.4 7.56 (-0.65—15.77) 7.1 (-1.78—15.98)
24,25(0H)2D3, ng/mL >0.44 32.7 Ref. .81 Ref. 72

0.18—0.44 32.5 2.47 (-5.16—10.10) 2.97 (-4.96—10.90)

<0.18 31.8 1.01 (-7.32—9.33) 0.66 (-7.94—9.26)

NIH = neointimal hyperplasia; diff = difference; CI = confidence interval.

@ Model 1 adjusted for age, sex, and black race.

> Model 2 adds adjustment for body mass index, maintenance dialysis status, previous diabetes, education, systolic blood pressure, smoking

status, and use of calcitriol, paricalcitol, and vitamin D supplementation.

¢ n = 344 overall.
4 1 = 335 overall.
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Table 4. Adjusted associations of vitamin D biomarkers with venous calcification (i.e. proportion with any calcification)
Vitamin D metabolite Tertile Model 17 (n = 519) Model 2° (n = 505)

OR (95% CI) p value OR (95% CI) p value

1,25(0H)2D, pm/mL > 20.49 Ref. 91 Ref. .75

8.48—20.49 0.99 (0.52—1.92) 0.87 (0.44—1.73)

< 8.48 0.87 (0.43—1.76) 0.74 (0.35—1.60)
25(OH)D, ng/mL > 30 Ref. .82 Ref. .70

20—30 1.21 (0.63—2.35) 1 (0.50—2.02)

<20 1.01 (0.51—2.03) 0.75 (0.35—1.63)
Bioavailable 25(OH)D, ng/mL > 2.95 Ref.© .40 Ref.d .48

1.67—2.95 1.02 (0.52—2.00) 0.91 (0.45—1.83)

< 1.67 1.58 (0.76—3.29) 1.42 (0.65—3.10)
24,25(0H)2D3, ng/mL > 0.44 Ref. .64 Ref. 43

0.18—0.44 0.72 (0.36—1.44) 0.63 (0.31-1.30)

< 0.18 0.89 (0.43—1.83) 0.89 (0.42—1.89)

OR = odds ratio; CI = confidence interval.

& Model 1 adjusted for age, sex, and black race.
® Model 2 adds adjustment for body mass index, maintenance dialysis status, previous diabetes, education, systolic blood pressure, smoking
status, and use of calcitriol, paricalcitol, and vitamin D supplementation.
¢ n = 402 overall.

d

n = 390 overall.

Table 5. Adjusted associations between vitamin D biomarkers and increasing collagen in medial muscle layer of the vein (i.e.
proportion with > 25% medial collagen)
Vitamin D metabolite Tertile Model 1% (n = 403) Model 2° (n = 391)
OR (95% CI) p value OR (95% CI) p value
1,25(0OH)2D, pm/mL > 20.49 Ref. .29 Ref. .30
8.48—20.49 0.71 (0.44-1.12) 0.7 (0.43—1.13)
< 8.48 0.94 (0.58—1.51) 0.91 (0.55—1.51)
25(0OH)D, ng/mL > 30 Ref. 17 Ref. 11
20—-30 0.64 (0.40—1.03) 0.58 (0.35—0.97)
< 20 0.78 (0.49—1.24) 0.72 (0.43—1.20)
Bioavailable 25(OH)D, ng/mL > 2.95 Ref.© .58 Ref.4 .58
1.67—2.95 1.03 (0.64—1.66) 1.06 (0.65—1.73)
< 1.67 0.81 (0.49—-1.35) 0.82 (0.47—1.42)
24,25(0H)2D3, ng/mL > 0.44 Ref. .50 Ref. .58
0.18-0.44 1.32 (0.82—2.14) 1.28 (0.77—2.12)
< 0.18 1.11 (0.66—1.85) 1.06 (0.62—1.80)

OR = odds ratio from proportional odds ordinal models; CI = confidence interval.

@ Model 1 adjusted for age, sex, black race.

 Model 2 adds adjustment for body mass index, maintenance dialysis status, previous diabetes, education, systolic blood pressure, smoking

status, and use of calcitriol, paricalcitol, and vitamin D supplementation.

¢ n = 517 overall.
4 n = 503 overall.

as natural history. Taken as a whole, these findings do not
support the hypothesised role for CKD-MBD in AVF matu-
ration, and suggest that greater attention be directed to-
ward other relevant biological pathways that may
contribute to fistula outcomes.

It is, however, possible that the serological markers
measured in this study inadequately captured the complex
pathophysiological processes of CKD-MBD. For example, the
loss of major calcification inhibitors, such as fetuin-A and
matrix Gla protein, promotes osteogenic transformation
and calcification of vascular smooth muscle tissue, which
could impede normal vasodilatory processes within the
vascular access.’”?®> The activated form of vitamin D,

1,25(0H),D, modulates transcription of genes within major
inflammatory and thrombotic pathways.s'6 However, circu-
lating concentrations of vitamin D metabolites may not
reflect vitamin D activity within the cell.

A second possibility is that the impact of CKD-MBD on
vascular function may be blunted in later stages of CKD.
Nearly 90% of the ESRD participants in this study already
had neointimal hyperplasia in their surgical vein segment,
and > 97% had medial collagen deposition. Moreover, later
stages of CKD amplify disturbances in circulating mineral
metabolism markers via aberrant feedback mechanisms,
potentially weakening associations between these markers
and vascular outcomes. In studies of early CKD and the
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25(0OH)D Bioavailable 25(OH)D

Figure 2. Associations between tertiles of vitamin D metabolites and vein histology character-
istics. X axes show serum vitamin D metabolite concentrations using tertiles (i.e., < 8.48, 8.48—
20.49, and > 20.49 pm/mL for 1,25[0OH],D; < 1.67, 1.67—2.95, and > 2.95 ng/mL for
bioavailable 25[OH]D; and < 0.18, 0.18—0.44, and > 0.44 for 24,25[0OH],D3), except for 25(0H)
D concentrations for which established Endocrine Society Categories of <20, 20—30, and
>30 ng/mL were used. Plots depict the mean percentage of neointimal hyperplasia in the vein,
proportion with >25% medial collagen in the vein, and proportion with any vein calcification,
with solid vertical bars representing the 95% confidence intervals. NIH = neointimal hyperplasia.

general population, higher circulating concentrations of
PTH, FGF-23, and phosphate are associated with arterial
stiffness, left ventricular hypertrophy, and vascular
calcification.* %%’

Finally, CKD-MBD may not play a meaningful role in AVF
maturation. Successful fistula maturation requires an
orderly vascular remodelling process, which includes nitric
oxide mediated vasodilation, smooth muscle relaxation,
elaboration of matrix metalloproteinases, digestion of the
IEL, and local inhibition of platelet aggregation.”® **
Together these processes promote the substantial in-
creases in blood flow and vessel diameter required for
successful AVF  maturation.>> >*  Although  mineral

metabolism disturbances may contribute to underlying
vessel stiffness, other physiological processes may pre-
dominate in facilitating vasodilation of the feeding artery
and draining vein following surgical AVF creation.

This study has several strengths. Serum concentrations of
mineral metabolism markers were measured using state of
the art laboratory assays, including quantification of vitamin
D metabolites by high performance liquid chromatography
mass spectroscopy. Unassisted and overall AVF maturation
outcomes were adjudicated within the largest prospective
cohort study of AVF creation to date and vein histology was
appraised by a highly experienced, centralised pathology
centre. The study definition of AVF maturation was clinically
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relevant, easily ascertainable across study sites, and gener-
ally independent of differing practices between facilities
thereby limiting potential inter-site variability. HFM Study
participants were recruited from multiple geographic sites,
minimizing the potential influence of specific surgical prac-
tices at a single centre and enhancing the generalizability of
the study results. Nevertheless, the sample size was mod-
erate, hence some associations may have been missed.
Statistical analyses used Poisson models for maturation
failure rates.”” These are more readily interpretable for
frequent outcomes such as maturation failure, than more
commonly used logistic regression models for maturation
failure odds. Limitations of this study also include mea-
surement of only a selected group of mineral metabolism
markers and quantification of these markers at a single time
point during late stage CKD. Quantitative assessment of NIH
was confined to the < 60% of HFM Study patients with full
circumference vein cross section samples, which could have
introduced bias if related to AVF maturation. Additionally,
information regarding exposures that may have led to the
preponderance of NIH was not systematically collected by
the HFM Study. However, neointimal lesions were similar in
the more superficial upper arm cephalic veins to those in
the upper arm basilic or brachial veins, which tend to be
deeper and generally less accessible to standard ven-
epuncture, implying a primary role for uraemia driven
toxicity in the pathogenesis of these lesions.'’

Current guidelines specify numerous factors that in-
crease the risk of AVF maturation failure including older
age, diabetes, and anatomical site of surgery.® The pre-
sent findings from a US multicentre cohort study of AVF
creation demonstrate that mineral metabolism distur-
bances are highly prevalent among patients undergoing
AVF surgery. However, despite plausible biological mech-
anisms by which mineral metabolism disturbances could
interfere with the orderly process of AVF maturation,
multiple serological measurements of mineral metabolism
were not associated with differences in AVF maturation
failure.

In conclusion, serum markers of CKD-MBD were not
materially associated with AVF maturation outcomes in a
contemporary study of AVF creation surgery and vitamin D
metabolites were not materially associated with vein pa-
thology at the time of AVF creation. This lack of positive
findings could be because of the inability of the selected
markers to reflect the underlying pathophysiological pro-
cesses of CKD-MBD, or the singular assessment of these
markers in advanced kidney disease. However, the lack of
support in these data for the CKD-MBD hypothesis does
diminish the plausibility of this pathway as a major driver of
maturation failure, suggesting that other relevant biological
pathways arising from CKD should be carefully explored for
their impact on AVF maturation.
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