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Key Points

� Arteriovenous fistula (AVF) nonmaturation is a persistent problem, and there are some notable disparities in
AVF maturation outcomes by sex and race.

� Panel reactive antibodies (PRA) are markers of immune system reactivity that tend to be higher among female
and Black patients, and are associated with greater cardiovascular mortality outside the transplant setting.

� On multivariable analysis, class II PRA were independently associated with greater rates of AVF nonmaturation
in this study population, suggesting a possible role for the adaptive immune system in AVF maturation
outcomes.

Abstract
Background Arteriovenous fistula (AVF) nonmaturation is a persistent problem, particularly among female and
Black patients. Increasingly, the immune system has been recognized as an important contributor to vascular
disease, but few studies have examined immune factors relative to AVF maturation outcomes. This study
evaluated the association of serum panel reactive antibodies (PRA), a measure of immune system reactivity
assessed in patients undergoing kidney transplant evaluation, with AVF nonmaturation.

Methods We identified 132 patients at our institution who underwent surgical AVF placement between
2010–2019 and had PRA testing within 1 year of AVF creation. Multivariable logistic regression was used to
determine the association of patient demographic and clinical factors, class I and class II PRA levels, and
preoperative arterial and venous diameters with AVF maturation outcomes.

Results AVF nonmaturation was more likely in females than males (44% versus 20%, P50.003) and in Black than
white patients (40% versus 13%, P50.001). Class II PRAwas higher in females than males (12%623% versus
4%613%, P50.02). In the multivariable model, AVF nonmaturation was associated with class II PRA (adjusted
odds ratio [aOR], 1.34 per 10% increase; 95% confidence interval [95% CI], 1.04 to 1.82, P50.02) and Black race
(aOR, 3.34; 95% CI, 1.02 to 10.89, P50.03), but not with patient sex or preoperative arterial or venous diameters.

Conclusions The association of elevated class II PRA with AVF nonmaturation suggests the immune system may
play a role in AVF maturation outcomes, especially among female patients.
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Introduction
Arteriovenous fistula (AVF) nonmaturation remains a
significant clinical problem among patients with
advanced CKD in the United States, such that
30%–60% of new AVFs are never used for dialysis
(1–3). Advanced age, diabetes, and smaller preopera-
tive vascular diameters have been associated with
greater rates of AVF nonmaturation (4,5). AVF non-
maturation (including early AVF thrombosis) is more
likely to occur in female and Black patients (6–10). A
study using the Hemodialysis Fistula Maturation
cohort reported that early AVF thrombosis was three
times higher in females versus males, and twice as
high in Black versus White patients, although this
racial difference was not statistically significant (11).

Sex and racial disparities in AVF maturation outcomes
are not adequately explained by differences in clinical
characteristics or preoperative blood vessel diameters,
suggesting additional unidentified factors contribute
to AVF nonmaturation, especially in the populations
at risk for poor AVF maturation outcomes (7,12–14).
The role of the immune system in vascular diseases

related to organ transplantation, such as cardiac allo-
graft vasculopathy and transplant glomerulopathy,
has been well established (15,16). HLA antibodies,
clinically measured as panel reactive antibodies
(PRA), may promote vascular neointimal hyperplasia
(NH) in these disease processes (17). In addition,
dysregulated immune activity has been linked to
the pathogenesis of nontransplant-related vascular

1Division of Nephrology, University of Alabama at Birmingham, Birmingham, Alabama
2School of Public Health, University of Alabama, Birmingham, Alabama

Correspondence: Crystal Farrington, Division of Nephrology, University of Alabama at Birmingham, Paula Building 229, 1530 3rd
Avenue South, Birmingham, AL 35294-0007. Email: cfarrington@uabmc.edu

www.kidney360.org Vol 2 November, 2021 Copyright # 2021 by the American Society of Nephrology 1743

Original Investigation

https://doi.org/10.34067/KID.0003112021
https://orcid.org/0000-0003-1263-3246
https://orcid.org/0000-0002-8455-980X
mailto:cfarrington@uabmc.edu


diseases, including atherosclerosis, hypertension, and sys-
temic vasculitis (18–20). Elevated PRA levels are also inde-
pendently associated with greater cardiovascular mortality,
suggesting PRA may have important clinical relevance to
vascular disease beyond organ transplantation (21). How-
ever, whether PRA also correlate with AVF nonmaturation
has not been well studied.
The goal of this study was to evaluate elevated PRA as

potential contributors to AVF nonmaturation, hypothesiz-
ing that differences in immune system reactivity (sensitiza-
tion) may be a factor in greater rates of AVF nonmaturation
reported among female and/or Black patients. Although
determining the mechanism was outside the scope of this
retrospective, epidemiologic study, we hypothesized that
higher PRA levels likely contribute to the development NH
in the newly created AVF, leading to blood flow–limiting
stenosis and/or thrombosis and ultimately resulting in
AVF nonmaturation. We retrospectively analyzed a cohort
of 132 patients who underwent PRA testing within 1 year
before or after AVF creation at our institution, to determine
the association of PRA levels with clinical AVF maturation
outcomes.

Methods
Study Setting
Approximately 550 patients with ESKD receive mainte-

nance hemodialysis under the medical directorship of the
University of Alabama at Birmingham (UAB). Four experi-
enced surgeons created all new AVFs. Standardized preop-
erative vascular mapping ultrasounds were performed by
trained technologists and interpreted by radiologists, and
the results were provided to surgeons before the preopera-
tive visits for AVF evaluation. Vessels were deemed suit-
able for an AVF in either the forearm or upper arm if the
arterial diameter was $2.0 mm, the venous diameter $2.5
mm, and there was no thrombosis or stenosis of the drain-
ing veins at the proposed AVF location (22). If the AVF
failed to mature within 6–8 weeks, additional interventions
were performed to promote its maturation. Interventional
radiologists and nephrologists performed the majority of
percutaneous AVF interventions, with surgeons perform-
ing any necessary surgical interventions (e.g., revision of
the anastomosis). In addition, UAB is a large transplant
center, averaging .300 kidney transplants annually. PRA
levels (with values ranging from 0% to 100%) are typically
obtained at the time of initial transplant evaluation. Having
both a substantial dialysis population and a busy trans-
plant center at our institution provided a unique opportu-
nity to evaluate the association between PRA levels and
AVF nonmaturation. This study was granted expedited
approval through the Institutional Review Board.

Data Collection
Two dedicated dialysis access coordinators employed by

the UAB Division of Nephrology maintained a prospective,
computerized database of all vascular access procedures
(23). A separate database of patients evaluated for kidney
transplantation was maintained by the Department of Sur-
gery. Merging these two databases by medical record
number yielded 397 unique patients who underwent both

kidney transplant evaluation and surgical AVF placement
at UAB between January 1, 2010 and December 31, 2019.
Patients were excluded from the study if (1) PRA results
were not recorded in the electronic medical record (EMR)
(21%); (2) PRA measurements were obtained .365 days
before or after AVF placement (38%); (3) patients were
younger than 18 years of age at AVF placement (,1%); (4)
the AVF was placed at a non-UAB hospital (,1%); or (5)
AVF outcomes were indeterminate due to early patient loss
to follow-up, relocation, or death (,1%). The final cohort of
132 patients included 66 males and 66 females. The equal
number of male and female patients was not predeter-
mined (Figure 1).

Variables of Interest
The primary exposure of interest was PRA measured by

flow cytometry or multiplex immunoassay testing within 1
year before or after AVF placement. This timeframe was
prespecified in an effort to minimize bias and improve the
accuracy of results by selecting the PRA level most proxi-
mal to AVF placement. The primary study outcome was
clinical AVF nonmaturation, which was defined on the
basis of the patient’s central venous catheter (CVC) status
at the time of AVF creation. For patients with any CVC use
in the study period, AVF nonmaturation was defined as
nonremoval of the CVC .180 days from the date of AVF
surgery. For patients who did not require any CVC use
(i.e., those who were pre-ESKD, on peritoneal dialysis, or
who had a working AVF or arteriovenous graft at the time
of AVF creation), AVF nonmaturation was defined as the
inability to initiate hemodialysis using the new AVF when
the patient was clinically determined to need dialysis
(Table 1). The EMRs of patients meeting study criteria were

397

Transplant 
Evaluations

8783

AVF 
Placements 

1205

Excluded
265

PRA Measurement within 1 year 
+/– of AVF Placement at UAB

132
[66 Females, 66 Males]

Reasons for Exclusion

86 - No recorded PRA
measurement
[31 females, 55 males]

9 - AVF placed at
outside hospital
[3 females, 6 males]

150 - PRA measured
> 365 days before or
after AVF surgery
[51 females, 99 males]

2 - Age under 18 at
time of AVF surgery
[1 female, 1 male]

18 - Indeterminate
AVF outcomes due to
loss to follow-up, early
relocation, or death
[6 females, 12 males]

Figure 1. | Patient inclusion and exclusion criteria for the study
cohort. A total of 397 unique patients had both kidney transplant
evaluation and arteriovenous fistula (AVF) placement at University
of Alabama at Birmingham (UAB). Of those, 132 adult patients (66
females and 66 males) had panel reactive antibodies (PRA) mea-
sured within 1 year before or after AVF surgery.
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reviewed, and information regarding demographic and
clinical characteristics, class I, and class II PRA percentages,
and preoperative arterial and venous diameters was
extracted.

Statistical Analysis
Baseline demographic and clinical characteristics of

patients receiving an AVF were summarized and com-
pared using a chi-squared test for categorical variables and
t tests or nonparametric tests for continuous variables. P
values ,0.05 were considered statistically significant. Uni-
variable analyses and multivariable logistic regression,
with adjusted odds ratios (OR) and 95% confidence inter-
vals (95% CI) for AVF nonmaturation, were performed.
Receiver operator characteristic curves were generated to
determine the predictive value of demographic, clinical,
and ultrasound characteristics on AVF nonmaturation.
Receiver operator characteristic area under the curve .0.7
was considered clinically significant.

Results
Baseline Patient Characteristics
The study cohort consisted of 132 patients with CKD

who underwent AVF creation and had a PRA measured
within 1 year before or after AVF creation (Figure 1). The
median time (absolute value) between AVF creation and
PRA measurement was 136 days (interquartile range,
69–254 days). A total of 22 patients (17%) had PRA mea-
sured before AVF placement, and 62 patients (47%) had
more than one recorded PRA measurement in the EMR. In
patients with .1 PRA measurement, the median number
of days between subsequent PRA measurements was 864

(interquartile range, 400–1592 days). The change in class I
and class II PRA over this period was 63% or less for 75%
and 87% of patients, respectively. The cohort was 50%
female and 70% Black, and had a mean age of 49613 years,
with Black patients being younger than White patients
(47613 years versus 54612 years, P50.003). A greater
number of Black females than Black males were included
in the study (56% versus 44%, P50.03). Nearly all patients
(96%) had hypertension, 53% had diabetes, 14% had coro-
nary artery disease, and 9% had peripheral vascular dis-
ease. Females were more likely than males to have an AVF
placed in the upper arm (79% versus 52%, P50.001)
(Table 2).

Sex and Racial Differences in Baseline Patient
Characteristics
Black patients were more likely than White patients to

have hypertension (99% versus 90%, P50.02) and left ven-
tricular ejection fraction ,55% (20% versus 5%, P50.02).
Males were more likely to have an left ventricular ejection
fraction ,55% compared with females (22% versus 9%,
P50.04). Otherwise, the frequency of comorbidities, includ-
ing diabetes, coronary artery disease, peripheral vascular
disease, and obesity, did not vary significantly by race or
sex (Table 2). The mean preoperative arterial and venous
diameters were comparable between male and female
patients. Likewise, mean arterial diameter was similar
between Black and White patients (3.661.1 mm versus
3.561.3 mm, P50.68). Venous diameters were smaller in
Black versus White patients (3.660.8 mm versus 4.161.2
mm, P50.02), but well above the minimum threshold of 2.5
mm. (Table 2). The mean values of both class I and class II
PRA were approximately three times higher in females

Table 1. Arteriovenous fistula nonmaturation was primarily defined on the basis of whether the patient required central venous
catheter use over the study period

Definition of AVF Nonmaturation

1. With any CVC use (n591): Nonremoval of the CVC .180 days from the date of AVF creation.
2. Without any CVC use (n541): Inability to initiate HD using the new AVF at the time HD was deemed clinically necessary, or

any AVF abandonment/new access creation before HD initiation.

AVF maturation outcomes

Nonmaturation (n543)
� 14 patients not on dialysis at the time of AVF placement

initiated HD with a CVC after AVF placement and did not
have CVC removed until .180 days after the date of AVF
surgery

� Seven patients not on dialysis at the time of AVF placement
had early AVF thrombosis and underwent AVG placement
before the initiation of HD

� 21 patients dialyzing with a CVC at the time of AVF
placement and did not have CVC removed until .180 days
after the date of AVF surgery

� One patient dialyzing with an AVG at the time of AVF
placement had the AVF clot 3 months after surgery, and
AVF was ultimately abandoned without being used for a
new AVF 4 months after the date of AVF surgery

Successful maturation (n599)
� 30 patients not on dialysis at the time of AVF placement
initiated HD with a mature AVF at a median of 124 days
after AVF creation (range 49–568 days) without any CVC
usage

� 15 patients not on dialysis at the time of AVF placement
initiated HD with a CVC and had the CVC removed #180
days after AVF creation

� 41 patients dialyzing with a CVC at the time of AVF
placement had the CVC removed #180 days after AVF
creation

� Two patients on PD initiated HD using the new AVF at 49
and 127 days after AVF creation, respectively

� One patient dialyzing with an AVF at the time of AVF
placement initiated HD with the new AVF 69 days after
AVF creation

Granular data regarding arteriovenous fistula maturation outcomes is listed below. AVF, arteriovenous fistula; CVC, central
venous catheter; HD, hemodialysis; AVG, arteriovenous graft; PD, peritoneal dialysis.
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than males (class I 17%627% versus 6%612%, P50.002
and class II 12%623% versus 4%613%, P50.02, respec-
tively) and were also higher among Black versus White
patients (class I 12%622% versus 9%620%, P50.47 and
class II 9%620% versus 6%616%, P50.39, respectively),
although the latter difference was not statistically signifi-
cant (Table 3).

Association of Baseline Patient Characteristics with AVF
Nonmaturation
AVF nonmaturation occurred in 42 of 132 patients (32%),

with greater rates observed in females versus males (44%
versus 20%, P50.003), and in Black versus White patients
(40% versus 13%, P50.001) (Table 2). In total, 22 patients
had a history of previous heart, liver, or kidney transplant.

Of these, eight patients (36%) had nonmaturing AVFs ver-
sus 34 patients (31%) with nonmaturing AVFs in the non-
transplant group (P50.62). In total, 59 patients reported a
prior blood transfusion, nine had no data regarding trans-
fusion history, and the remaining 64 patients had no
recorded history of blood transfusion. Overall, 18 patients
(31%) with a history of blood transfusion had AVF nonma-
turation, whereas 21 patients (33%) with no history of
blood transfusion had AVF nonmaturation (P50.31).
Immunosuppressant, anticoagulant, or tobacco use were
not significantly associated with AVF outcomes (Table 4).
On univariable analysis, females were three times more
likely to have AVF nonmaturation compared with males
(OR, 3.20; 95% CI, 1.47 to 6.95, P50.003). Additionally,
women with two versus zero pregnancies were nearly five

Table 2. Baseline demographic, clinical, and preoperative ultrasound characteristics of the study population by sex and race

Variable

Sex Race

All Patients
(n5132)

Female
(n566)

Male
(n566) P Value

Black
(n593)

White
(n539) P Value

Age in yr, mean6SD 50613 49613 0.65 47613 54612 0.003 49613
Female sex, n (%) — 52 (79) 14 (21) 0.03 66 (50)
Black race, n (%) 52 (79) 41 (62) 0.03 — 93 (70)
HTN, n (%) 64 (97) 63 (95) 0.65 92 (99) 35 (90) 0.02 127 (96)
DM, n (%) 36 (55) 34 (52) 0.73 49 (52) 21 (54) 0.90 70 (53)
CAD, n (%) 6 (9) 13 (20) 0.08 14 (15) 5 (13) 0.74 19 (14)
CVD, n (%) 7 (11) 7 (11) 1.0 11 (12) 3 (8) 0.47 14 (11)
PVD, n (%) 7 (11) 5 (8) 0.54 9 (10) 3 (8) 0.71 12 (9)
LVEF ,55%, n (%)a 6 (9) 14 (22) 0.04 18 (20)b 2 (2) 0.02 20 (15)
BMI, kg/m2, mean6SD 30.367.8 30.166.5 0.85 30.867.2 28.867.2 0.15 30.267.2
Upper arm AVF, n (%) 52 (79) 34 (52) 0.001 33 (35) 13 (33) 0.81 86 (65)
Preoperative arterial diameter in mm, mean6SD 3.460.9 3.761.3 0.10 3.661.1 3.561.3 0.68 3.561.2
Preoperative venous diameter in mm, mean6SD 3.660.8 3.861.1 0.45 3.660.8 4.161.2 0.02 3.761.0
AVF nonmaturation, n (%) 29 (44) 13 (20) 0.003 37 (40) 5 (13) 0.001 42 (32)

HTN, hypertension; DM, diabetes mellitus; CAD, coronary artery disease; CVD, cerebrovascular disease; PVD, peripheral vascular
disease; LVEF, left ventricular ejection fraction; BMI, body mass index.
aOne missing value.
bThree missing values.

Table 3. Association of class I and class II panel reactive antibodies with patient demographics and arteriovenous fistula maturation
outcome

Variable
Class I Panel Reactive Antibodies %,

mean6SD P Value
Class II Panel Reactive Antibodies %,

mean6SDa P Value

Cohort (n5 132) 11621 — 8619 —

Sex
Female 17627 0.002 12623 0.02
Male 6612 0.002 4613 0.02

Race
Black 12622 0.47 9620 0.39
White 9620 0.47 6616 0.39

AVF mature
Yes 10620 0.12 5614 0.03
No 16624 0.12 14626 0.03

AVF, arteriovenous fistula.
aOne missing value.
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times more likely to have AVF nonmaturation (OR, 4.88;
95% CI, 1.06 to 22.38, P50.03). Black race was associated
with nearly 4.5 times greater odds of AVF nonmaturation
compared with White race (OR, 4.49; 95% CI, 1.61 to 12.54,
P50.001). Preoperative venous diameters were smaller in
patients with nonmaturing AVFs (3.460.6 mm versus
3.861.1 mm, P50.01), but remained well above the mini-
mum threshold of 2.5 mm required by our institutional
protocol. Every 1 mm increase in venous diameter was
associated with a 39% lower likelihood of AVF nonmatura-
tion (OR, 0.61; 95% CI, 0.37 to 0.95, P50.03) (Table 4).
Finally, the mean preoperative arterial diameters were sim-
ilar in patients whose AVFs matured versus those whose
AVFs did not mature (3.661.2 mm versus 3.360.9 mm,
P50.12).
Class I and class II PRA levels were higher in patients

with nonmaturing versus maturing AVFs, but only the dif-
ference in class II PRA achieved statistical significance
(14%626% versus 5%614%, P50.03) (Table 3). In the sub-
set of 22 patients with PRA measured before AVF place-
ment, the mean class I PRA was 23%622% for patients
with nonmaturing AVFs versus 12%627% for patients
with maturing AVFs (P50.03). Similarly, the mean class II
PRA was 22%633% for patients with nonmaturing AVFs
versus 1%63% for patients with maturing AVFs (P50.02).
Class I and class II PRA levels were higher in both males
and females with nonmaturing AVFs compared with those
whose AVFs matured, but these differences were not
significant. However, PRA levels in females with nonmatur-
ing AVFs were six times higher than in males with matur-
ing AVFs (18%630% versus 3%613%, P50.01) (Figure 2).

Using multivariable logistic regression to control for
potential confounding factors, the odds of AVF nonmatura-
tion were 34% greater for each absolute 10% increase in
class II PRA (OR, 1.34; 95% CI, 1.04 to 1.82, P50.02). Black
race was also independently associated with over three-
fold greater risk of AVF nonmaturation (OR, 3.34; 95% CI,
1.02 to 10.89, P50.03). Females were almost twice as likely
to have AVF nonmaturation compared with males,

Table 4. Unadjusted odds ratios for the likelihood of arteriovenous fistula nonmaturation on the basis of demographic, clinical,
vascular, and immune factors

Variable Unadjusted Odds Ratio 95% Confidence Interval P Value

Age, per 10 yr increase 0.94 0.71 to 1.25 0.68
Sex, female 3.20 1.47 to 6.95 0.005
Black race 4.49 1.61 to 12.54 0.002
HTN, yes versus no 0.52 0.06 to 4.84 0.55
DM, yes versus no 0.59 0.28 to 1.24 0.16
CAD, yes versus no 1.36 0.45 to 4.07 0.57
CVD, yes versus no 0.59 0.19 to 1.81 0.36
PVD, yes versus no 1.44 0.37 to 5.64 0.59
LVEF ,55%, yes versus no 0.95 0.33 to 2.67 0.92
BMI in kg/m2, per 5 point increase, yes versus no 0.96 0.74 to 1.24 0.78
History of solid organ transplant, yes versus no 1.39 0.51 to 3.63 0.51
History of blood transfusion, yes versus no (females only) 0.90 0.42 to 1.92
History of 2 versus 0 pregnancies 4.88 1.06 to 22.38 0.03
Taking immunosuppressant medications, yes versus noa 0.80 0.30 to 1.93 0.62
Current or former tobacco user, yes versus no 0.66 0.30 to 1.45 0.30
Taking anticoagulation, yes versus nob 0.94 0.44 to 1.96 0.8
Upper arm AVF location 0.91 0.42 to 1.96 0.80
Arterial diameter, per 1 mm increase 0.78 0.54 to 1.09 0.15
Venous diameter, per 1 mm increase 0.61 0.37 to 0.95 0.03
Class I PRA, per 10% increase 1.14 0.96 to 1.34 0.12
Class II PRA, per 10% increase 1.27 1.06 to 1.58 0.01

HTN, hypertension; DM, diabetes mellitus; CAD, coronary artery disease; CVD, cerebrovascular disease; PVD, peripheral vascular
disease; LVEF, left ventricular ejection fraction; BMI, body mass index; PRA, panel reactive antibodies.
aImmunosuppressant medications included steroids, calcineurin inhibitors, and mycophenolate mofetil.
bAnticoagulation included aspirin, warfarin, clopidogrel, and rivaroxaban.
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Figure 2. | In maturing AVFs, mean class II PRA was 3%613% in
males versus 7%616% in females (P5 0.11). In nonmaturing
AVFs, mean class II PRA was 7%615% in males versus 18%630%
in females (P50.43). Mean class II PRA was six times higher in
females with nonmaturing AVFs versus males with maturing AVFs
(P50.01). Note: in the figure, class II PRA is expressed as a
decimal.
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although this difference was no longer statistically signifi-
cant (OR ,1.96; 95% CI, 0.80 to 4.8, P50.14). Neither preop-
erative arterial nor venous diameters were significantly
associated with AVF nonmaturation (Table 4 and Table 5).
Seven variables (age, sex, race, preoperative arterial, and
venous diameters, and class I and class II PRA) were used
to construct a multivariable model. These variables were
chosen because, outside of the novel introduction of class I
and class II PRA, they commonly influence clinical decision
making regarding a patient’s appropriateness for AVF crea-
tion. A receiver operating characteristic curve including all
seven variables demonstrated an area under the curve of
0.73 (95% CI, 0.63 to 0.82, P,0.0001) (Figure 3).

Discussion
Our study identified a novel association between higher

class II PRA levels and AVF nonmaturation. Female and
Black patients had greater rates of AVF nonmaturation
compared with male and White patients, respectively.
Females also demonstrated higher class II PRA levels than
males, whereas class II PRA did not vary significantly by
race. It has been suggested that worse AVF maturation out-
comes in females may be due to smaller baseline blood
vessel diameters relative to males (9). Yet a number of

subsequent studies have reported that females have infe-
rior rates of AVF maturation than males, despite similar
preoperative vascular diameters, consistent with this
study’s findings (7,12–14). Of note, on multivariable analy-
sis, female sex was no longer an independent predictor of
AVF nonmaturation, whereas Black race persisted. One
potential interpretation of these findings is that immune
activity (as exemplified by class II PRA levels) may par-
tially explain sex differences in AVF maturation outcomes.
By contrast, PRA levels do not appear to account for racial
differences in AVF maturation, which are likely due to var-
iations in processes of care (10).

To date, PRA have had the greatest clinical relevance in
solid organ transplantation, where elevated PRA have
important implications for allograft function and survival
(24,25). PRA develop due to previous exposure to a foreign
antigen, most often from pregnancy, blood transfusion, or
solid organ transplantation (26). Multiparous females
(especially those with $3 pregnancies) are more likely to
develop PRA from exposure to paternal antigens in the
developing fetus (27). Higher PRA levels have been
reported in Black compared with White populations, but
sex imbalances between Black and White study participants
may contribute to this perceived racial disparity (28,29).
Elevated PRA are also associated with increased cardiovas-
cular mortality in patients with ESKD (30). For example, a
recent study observed that higher PRA was an indepen-
dent predictor of cardiovascular and all-cause mortality
among over 160,000 patients waitlisted for a kidney trans-
plant (21).

Accumulating evidence suggests the immune system
plays a critical part in tissue maintenance and repair beyond
its traditional role of distinguishing self from non-self and
eradicating pathogens (31). In recent years, the immune sys-
tem has been recognized as an important contributor to a
number of cardiovascular diseases, including hypertension,
atherosclerosis, and the vasculitides (15,16,18–20,32).
Although the intact vascular endothelium is not immuno-
logically reactive, if the blood vessels become damaged, fur-
ther vascular injury may occur through a variety of innate
and adaptive immune mechanisms (33,34). We postulate
that vascular injury from surgery itself may trigger immune
activity in the vessels used to create the AVF, and thereby
promote stenosis or thrombosis in the developing AVF,
resulting in its nonmaturation.

AVF nonmaturation is often attributed to aggressive
venous NH (35). In NH, vascular endothelial injury induces

Table 5. Adjusted odds ratios for arteriovenous fistula nonmaturation in a multivariable model including demographic, vascular,
and immune factors

Variable Adjusted Odds Ratio 95% Confidence Interval P Value

Age, per 10 yr increase 1.09 0.76 to 1.56 0.64
Sex, female 1.96 0.80 to 4.81 0.14
Race, Black 3.34 1.02 to 10.89 0.03
Preoperative arterial diameter, per 1 mm increase 0.72 0.44 to 1.15 0.17
Preoperative venous diameter, per 1 mm increase 0.82 0.45 to 1.47 0.51
Class I PRA, per 10% increase 0.91 0.72 to 1.14 0.42
Class II PRA, per 10% increase 1.34 1.04 to 1.82 0.02

Overall P value for the model is 0.007. PRA, panel reactive antibodies.
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Figure 3. | Receiver operating characteristic curves showing the
predictive value of class II PRA and race alone and in combina-
tion. The full model including age, sex, race, preoperative arterial
and venous diameters, and class I and class II PRA for predicting
AVF nonmaturation increased the area under the curve (AUC) to
0.73 (95% confidence interval, 0.63 to 0.82, P50.007).
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the recruitment of inflammatory cytokines and prothrom-
botic circulating factors, resulting in the proliferation of
vascular smooth muscle cells that can lead to blood
flow–limiting stenosis (36,37). Nevertheless, the mecha-
nisms leading to NH in nonmaturing AVFs are not fully
understood (38). Interestingly, the hallmark lesion of car-
diac transplant vasculopathy is arterial NH. In this case,
class II HLA antibodies (measured clinically as PRA) are
crucial to developing NH by inducing proinflammatory
cytokines and activating cellular signaling pathways that
lead to dedifferentiation and proliferation of vascular
smooth muscle cells and occlusion of the vessel (15). Kid-
ney transplant glomerulopathy is likewise characterized by
vascular NH, and promoted by class II HLA antibodies
(39). Furthermore, class II HLA are expressed in atheroscle-
rotic plaques, whose precursor lesion is NH (40,41). These
associations raise the question whether similar immune
mechanisms may contribute to NH in AVF nonmaturation.
Currently, limited evidence suggests a role for the

immune system in AVF nonmaturation. Elevated
C-reactive protein, a marker of inflammation linked with
innate immune activity, has been linked with venous NH
and endothelial dysfunction in the context of AVF failure
(42–44). However, C-reactive protein is nonspecific, is
chronically elevated (,10–50mg/L) in patients with ESKD,
and may be acutely elevated for other reasons, such as
infection (45). Few prior studies have evaluated the role of
the adaptive immune system in AVF nonmaturation.
Although PRA might be directly involved in the pathogen-
esis of NH leading to AVF nonmaturation, an AVF is cre-
ated with native rather than foreign vessels, so it seems
most likely PRA would rather play an indirect role in AVF
nonmaturation through proinflammatory effects.
The strengths of our study include its innovative concep-

tual approach to AVF nonmaturation as a partially
immune-mediated phenomenon. At present, there are no
serological biomarkers widely used in clinical practice to
predict AVF maturation outcomes. If our findings are con-
firmed by additional prospective studies, class II PRA may
serve as a novel immune biomarker to assist clinicians in
determining the risk of AVF nonmaturation. This study
also offers a unique perspective on sex disparities in AVF
maturation by considering a potentially modifiable biologic
mechanism that may explain why females have poor AVF
maturation outcomes relative to males.
We present our findings as an intriguing new avenue for

research into the biologic mechanism of AVF nonmatura-
tion, but recognize their limitations. First, the study cohort
was small, only 132 patients, making definitive conclusions
premature regarding the use of PRA as a biomarker for
AVF nonmaturation on the basis of these results. Second,
PRA was measured at variable time periods within 1 year
before or after AVF creation and the optimal timing of PRA
measurement around AVF creation remains unclear. Third,
as a single-center, retrospective study, our results may
have limited external validity. Fourth, the patient popula-
tion was restricted to those who had been referred for kid-
ney transplant evaluation and had PRA levels measured.
This cohort was somewhat younger, and likely healthier,
than the general hemodialysis population, which may fur-
ther limit generalizability. Finally, the results in our pre-
dominantly Black study cohort may not apply to patients

of other races and ethnicities. However, because Black
patients have worse AVF outcomes, they represent an
important population of interest, so we view the greater
proportion of Black patients in our study as a strength
as well.
Elevated PRA are associated with vascular pathology in

both transplant-related and nontransplant-related vascular
diseases, but their role in AVF nonmaturation has yet to be
fully explored. Class II PRA are higher in females than
males. Black race and higher levels of class II PRA are inde-
pendently associated with greater rates of AVF nonmatura-
tion. Our study suggests that adaptive immune system
activity may contribute to the greater rates of AVF nonma-
turation among female patients on hemodialysis. Further
study is needed to evaluate the relationship between PRA
and/or other immune factors to AVF nonmaturation, and
examine how sex differences in immune system activity
may contribute to disparities in AVF maturation outcomes.
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