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Abstract

Objectives—Access-related hand ischemia (ARHI) is a major complication after hemodialysis 

access construction. This study was designed to prospectively describe its incidence, predictors, 

interventions and associated access maturation.

Methods—The Hemodialysis Fistula Maturation Study is a multicenter prospective cohort study 

designed to identify predictors of autogenous arteriovenous access (AVF) maturation. Symptoms 

and interventions for ARHI were documented and participants who received interventions for 

ARHI were compared to other participants using a nested case-control design. Associations of 

ARHI with clinical, ultrasound, vascular function, and vein histological variables were each 

individually evaluated using conditional logistic regression and the association with maturation 

assessed by relative risk, Pearson's chi-square test, and multiple logistic regression.

Results—The study cohort included 602 participants with median follow-up 2.1 years (10th - 

90th percentiles: 0.7 - 3.5 yrs). Mean age was 55.1 ± 13.4 (SD) years and the majority were male 

(70%), Caucasian (47%), diabetic (59%), smokers (55%), on dialysis (64%), and underwent an 

upper arm AVF (76%). Symptoms of ARHI occurred in 45 (7%) participants and intervention was 

required in 26 (4%). Interventions included distal revascularization with interval ligation (13), 

ligation (7), banding (4), revision using distal inflow (1), and proximalization of arterial inflow (1). 

Interventions were performed ≤ 7 days after AVF creation in 4 participants (15%), between 8 - 30 
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days in 6 (23%) and > 30 days in 16 (63%). Female gender (OR 3.17: 95% CI 1.27 - 7.91, p = 

0.013), diabetes (13.62: 1.81 - 102.4, p = 0.011), coronary artery disease (2.60: 1.03 - 6.58, p = 

0.044), higher pre-operative venous capacitance (per % /10mmHg: 2.76: 1.07 - 6.52, p = 0.021) 

and maximum venous outflow slope (per (mL/100 mL/min) /10 mmHg: 1.13: 1.03 - 1.25, p = 

0.011) were significantly associated with interventions, while a lower carotid-femoral pulse-wave 

velocity and the outflow vein diameter in the early postoperative period (days 0 - 3) approached 

significance (p < .10). Intervention for ARHI was not associated with AVF maturation failure 

(unadjusted risk ratio 1.18: 0.69 - 2.04, p = 0.56, adjusted odds ratio 0.97: 0.41 - 2.31, p = 0.95).

Conclusions—Remedial intervention for ARHI after AVF construction is uncommon. Diabetes, 

female gender, capacitant outflow veins and coronary artery disease are all associated with an 

increased risk of intervention. These higher risk patients should be counseled preoperatively, their 

operative plans designed to reduce the risk of hand ischemia, and followed closely.

Introduction

The hemodynamic changes associated with the construction of an autogenous (AVF) or 

prosthetic arteriovenous (AVG) hemodialysis access in the upper extremity can lead to hand 

ischemia. This phenomenon, termed the “steal syndrome” or access-related hand ischemia 

(ARHI), can lead to significant disability. Symptoms of either acute or chronic ischemia 

have been reported in up to 20% of brachial artery-based procedures2-9 and 2% of radial 

artery-based procedures10-12 with up to half of the patients in the brachial artery group 

requiring some type of remedial intervention. The true incidence of ARHI associated with 

AVFs and AVGs is uncertain given the retrospective nature of the various studies, reported 

predominantly from referral centers. Multiple risk factors for ARHI have been identified and 

include female gender, advanced age, diabetes, peripheral artery disease, coronary artery 

disease, multiple previous access procedures, prior episodes of hand ischemia, anastomotic 

configuration and large outflow veins.5, 8, 13-16 The predictive value of these various risk 

factors has been insufficient to identify patients at such a high risk that the index access 

procedure should be avoided. A variety of remedial treatments have been reported including 

those designed to not only reverse the symptoms but to salvage the access. Unfortunately, 

there is no consensus about the optimal remedial treatment.

This study was designed to prospectively define the incidence, predictors and remedial 

treatments for ARHI, along with its impact on the maturation rate within the Hemodialysis 

Fistula Maturation Study (HFM).

Methods

Hemodialysis Fistula Maturation Study Design

the HFM was a multicenter, NIH-funded, prospective study conducted at 7 academic centers 

in the United States with a target enrollment of 600 participants and follow-up extending up 

to 4 years. 1 It was designed to identify predictors of AVF maturation within four domains: 

1) anatomy; 2) biology; 3) clinical attributes; and 4) processes of care. The study was 

observational in that the clinical decisions regarding the AVF were dictated by the clinical 

team with the exception that no interventions to facilitate maturation were to be performed 
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within the first 6 weeks after construction. Enrollment criteria included: 1) current or 

anticipated hemodialysis within 3 months; 2) life expectancy > 9 months; 3) age exceeding 

consent minimum (i.e. 18 – 21 years) and < 80 years unless on dialysis; and 4) single stage 

upper extremity AVF. The primary outcome measure was unassisted clinical maturation, 

defined as use of the AVF for dialysis over 4 weeks with specific, predefined criteria.1 

Preoperative measurements included ultrasound mapping of the upper extremity arteries and 

veins, flow-mediated (FMD) and nitroglycerin-mediated (NMD) brachial artery dilation, 

arterial pulse wave velocity (PWV), and venous plethysmography. Postoperative 

measurements included ultrasounds within 3 days of the access procedure and at 2 weeks, 6 

weeks, and prior to intervention or initial cannulation.

Access-related Hand Ischemia

ARHI was included as a secondary outcome measure.1 All symptoms (i.e. pain, paresthesia, 

motor dysfunction, tissue loss) and interventions for ARHI were documented throughout the 

perioperative and follow-up periods.

Participants

medical history and medications were defined at the time of enrollment. Peripheral artery 

disease was defined as prior amputation, carotid endarterectomy, carotid angioplasty, 

claudication, or lower extremity revascularization. Coronary artery disease was defined as 

prior angina, myocardial infarction, coronary artery bypass or percutaneous 

revascularization.

Ultrasound

preoperative mapping of the arteries and veins was performed along with the measurement 

of the blood flow in the brachial artery.17-19 Internal diameter measurements of the artery 

and veins were performed in the antero-posterior dimension on a transverse image with a 

linear transducer (9 MHz or higher). Measurements included the internal diameter of the 

brachial artery 2 cm cranial to the antecubital fossa and the radial artery 2 cm cranial to the 

wrist. The cephalic and basilic veins in the upper arm were measured at the antecubital 

fossa, mid and cranial upper arm, and cephalic vein in the forearm measured at the wrist, 

mid and cranial forearm. Arterial calcification was graded as absent, mild-to-moderate or 

severe (circumferential). Postoperative AVF evaluation was performed using a standardized 

protocol.20 The brachial or radial artery internal diameter measurements were obtained 2 cm 

cranial to the anastomosis. The AVF draining vein internal diameter measurements and 

blood flow were obtained 2, 5, 10 and 15 cm cranial to the anastomosis. The tests were 

performed by personnel trained by the Ultrasound Core and the studies were read at the 

Core.

Vascular Function Tests

the tests were performed to characterize endothelial–dependent (FMD) and endothelial-

independent (NMD) arterial vasodilation, arterial stiffness (carotid-radial PWV – extremity, 

carotid-femoral PWV – central) and venous capacitance (venous occlusion 

plethysmography). They were performed within 45 days prior to the AVF procedure on the 
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arm for the planned surgical procedure unless there was already a functional, ipsilateral 

access. The tests were performed by personnel trained by the Vascular Function Core and 

the studies were read at the Core.

Venous Occlusion Plethysmography—The Hokanson EC5 strain gauge 

plethysmography device with NIVP3 software was used for waveform acquisition and 

analysis (D.E. Hokansan, Inc, Bellvue, WA). A strain gauge of appropriate size was placed 

around the forearm at its greatest diameter. A straight segmental arm cuff (SC10D, 

Hokansan, Inc) was placed on the upper arm and inflated for 3 minutes to a designated 

pressure and deflated. Waveforms were acquired while the cuff was inflated and for 5 

seconds after deflation. The procedure was successively performed at cuff inflations to 20, 

30, 40, 50, and 60 mmHg, with maximum venous outflow and fractional change in forearm 

volume measured. Estimated slopes from their respective linear regressions on cuff pressure 

were used as measures of venous outflow and capacitance.

Pulse Wave Velocity—PWV (m/sec) was measured using the SphygmoCor system 

(Atcor Medical, Itasca, IL). Carotid-radial and carotid-femoral distances were taken as the 

lengths by which the distances from the sternal notch respectively to the radial or femoral 

pulse exceeded that from the sternal notch to the carotid pulse. Pulse waveforms were 

recorded using applanation tonometry at the carotid followed by the radial or femoral sites, 

respectively.

Brachial Artery Flow-mediated Dilation and Nitroglycerin-mediated Dilation—a 

custom 3.25” × 22” blood pressure cuff (Hokansan, Inc.) was placed on the upper arm. A 2-

dimensional (2D) image of the brachial artery and pulsed wave Doppler signal was obtained 

with a high-resolution linear ultrasound probe (at least 7.5 MHz). For FMD, the cuff was 

then inflated to 200 mmHg and deflated after 5 minutes. Brachial artery Doppler signals 

were obtained 15 seconds after deflation. 2D images gated on the R-wave were obtained 55 - 

65 seconds after deflation to determine flow-mediated dilation. For NMD, acquisition was 

repeated 3 minutes after administration of sublingual nitroglycerin (0.4 mg). Brachial artery 

diameters were extracted from the 2D images using customized software, and resting and 

hyperemic flow were determined from the Doppler signals. Flow-mediated dilation and 

nitroglycerin-mediated dilation were expressed as the post-ischemia and post-nitroglycerin 

percentage increases in brachial artery diameter, respectively.

Histology

a sample of the outflow vein near the region used for the anastomosis was harvested during 

the index AVF procedure and processed into paraffin in a standard manner. Sections were 

stained with Alizarin red S for the presence of calcium in the intima or media and classified 

as either “present” or “none”.

Statistical Analysis

participants requiring interventions for ARHI were taken as cases, andtheir times to 

intervention for ARHI were summarized by Kaplan-Meier plot. A nested case-control 

analysis was performed due to the statistical limitations of multivariable logistic regression 
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modeling with few outcome cases per predictor. Cases were compared to respective sets of 

controls matched on sex, age (± 5 years), diabetes and AVF location (forearm vs. upper 

arm). Controls eligible for matching to any case were optimally partitioned into disjoint 

matched sets,21 with conditional logistic regression applied to the resulting matched sets to 

estimate and test associations with ARHI. To study association of each matching variable, 

we created new matched sets without matching on that variable, and treated it as a predictor 

as above. Variables examined for associations with hand ischemia (Appendix A) were 

preselected and identified in a formal statistical analysis plan. Vulnerability of results to 

confounding was assessed by studying associations of clinical center and other potential 

confounders to significant predictors. The association of ARHI with subsequent clinical 

maturation in the full HFM cohort was described by the crude relative risk and the odds ratio 

after adjustment for age, gender, African American race, access location and diabetes using 

multiple logistic regression. In view of concern over the ability of the conventional measures 

FMD% and NMD% to adequately normalize for variation in vessel size between individuals, 

we included alternative, exploratory allometric analyses by linearly regressing log (post-

stimulus vessel diameter) on log (pre-stimulus vessel diameter).22 PROC LOGISTIC, the 

LGTPHCURV9 macro23 for spline fitting, and other SAS 9.4 components were used for 

computation, with two-sided 5% level tests to assess statistical significance.

The study was approved by each center's Institutional Review Boards and all participants 

provided informed consent. For additional details of methods see Appendix B and, for 

vascular function and ultrasound testing, the online supplement to Farber et al.24

Results

Cases and Matched Sets

the HFM Study cohort included 602 participants and follow-up ranged from 0.2 - 4.1 years 

with a median of 2.1 years (10th - 90th percentiles: 0.7 - 3.5 years). The mean age of the 

cohort was 55.1 ± 13.4 years with 37% of the participants being over 60 years of age. The 

majority of the participants were male (70%), Caucasian (Caucasian – 47%, African 

American – 44%, Hispanic – 13%), diabetic (59%), smokers (current or past – 55%) and on 

dialysis at the time of the index AVF (64%). The mean body mass index was 30.4 ± 7.6 (SD) 

and a significant proportion had coronary artery (26%) and/or peripheral artery disease 

(15%). The majority of the participants underwent an upper arm AVF (upper – 76%, forearm 

--24%) with the brachial-cephalic configuration accounting for most of these (brachial-

cephalic – 62%, brachial-basilic – 38%). See Farber et al.24 for additional summary 

information on the cohort. Some degree of ARHI was diagnosed in 45 (7%) of participants 

and 26 (58% or 4% of total) required remedial surgical interventions (Figure 1). The 

remedial interventions were performed within 7 days of AVF creation surgery for 4 

participants (15%), between 8 - 30 days for 6 (23%), and beyond 30 days for 16 (63%). 

These included distal revascularization with interval ligation (13), ligation (7), banding (4), 

revision using distal inflow (1), and proximalization of the arterial inflow (1). Two hundred 

thirty-five of the 576 HFM Study participants not treated for ARHI were matched to the 

ARHI cases that underwent remedial intervention with the number of controls varying from 

1 to 45 per case (Table I).
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Baseline Demographics, Clinical Characteristics and Comorbidities (Table II)

ARHI requiring intervention was significantly more common in females (OR = 3.17, CI 1.27 

- 7.91, P = 0.013), and participants with diabetes (OR = 13.62, CI 1.81 - 102.4, P = 0.011) 

and coronary artery disease (OR = 2.60, CI 1.03 - 6.58, P = 0.044).

Preoperative Ultrasound and Vascular Function Characteristics (Table III)

a higher venous capacitance slope and the maximum venous output slope were associated 

with ARHI requiring intervention (OR = 2.76, CI 1.07 - 6.52, P = 0.021 and OR = 1.13, CI 

1.03- 1.25, P = 0.011, respectively). The association with truncal artery stiffness, as assessed 

by carotid-femoral PWV, approached but did not attain statistical significance (OR = 1.14 

per m/sec, CI 0.99 - 1.32, P = 0.08).

Postoperative Ultrasound and Vascular Function Characteristics (Table IV)

the mean and minimum diameters of the outflow vein, measured in the early postoperative 

period (postoperative days 0 – 3), approached but did not reach statistical significance for 

ARHI requiring intervention (per 0.1 mm increase: mean diameter: OR = 1.50, CI 0.76 - 

1.02, P = 0.09; minimum diameter: OR = 1.61, CI 0.97 - 2.66, P = 0.07).

ARHI and AVF maturation

ARHI requiring intervention was not significantly associated with AVF clinical maturation 

failure, either unadjusted (RR 1.18: 0.69 - 2.04, p = 0.56) or after adjustment for age, gender, 

African American race, access location and diabetes (OR 0.97, 0.41 - 2.31, p = 0.95).

Assessment of confounding—The associations of statistically significant predictors 

with each other, clinical center, and marginally significant exposures (0.05 < p ≤ 0.10) 

suggested potential for confounding between capacitance and maximum vein outflow 

slopes, and that coronary artery disease might partially underlie the effects of diabetes and 

sex, but that any other notable confounding would have attenuated rather than exaggerated 

the observed effects.

Discussion

The study demonstrates that the incidence of ARHI after the construction of an autogenous 

arteriovenous hemodialysis access is relatively uncommon (7%) and that the incidence of 

severe symptoms sufficient to merit surgical interventions relatively low (4%). Remedial 

treatment was associated with female gender, diabetes, coronary artery disease, and more 

capacitant outflow veins while the association approached significance for the measures of 

truncal arterial stiffness and larger postoperative outflow veins. Remedial treatment for 

ARHI did not appear to affect the clinical maturation rate of the AVF. These observations are 

strengthened by the prospective study design and large sample size of the HFM Study that 

encompassed domains examining vascular anatomy, vascular wall biology, and clinical 

attributes.

The incidence of ARHI in the current study was lower than expected, based upon the 

predominance of brachial-artery AVFs. The literature has suggested that symptoms occur in 
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up to 20% of brachial artery based procedures and that remedial interventions are required in 

roughly half or 10% of these cases.2-9 Keuters et al.3 prospectively analyzed the incidence of 

ARHI in a series (N = 61) of participants undergoing brachial-artery based AVFs and AVGs, 

reporting that some symptoms of ARHI developed within 28% of participants and that 

remedial intervention was required in 10%. There are multiple potential explanations for the 

discrepancy between the current study and the literature experience, including study design 

(i.e. prospective vs retrospective), clinical practice (i.e. primary vs referral), clinical center 

(i.e. academic vs non-academic), duration of follow-up, selection bias and type of access 

(i.e. AVF vs AVG). The HFM Study was performed in academic medical centers by care 

teams interested in hemodialysis access, and, thus, it is conceivable that this may partially 

account for the better outcomes. It is important to emphasize that the current study included 

only AVFs. The incidence and timing of ARHI is likely different between AVFs and AVGs. 

ARHI tends to occur earlier relative to the index access for patients receiving an AVG. 

Scheltinga et al.25 reported from their systematic review that ARHI associated with AVGs 

tend to be acute, both in timing (< 24 hrs) and symptoms (i.e. acute ischemia), while that 

associated with AVFs tended to be more chronic (i.e. > 1 mos, chronic ischemia). This time 

course is likely consistent with our own findings since 63% of the participants underwent 

remedial intervention > 30 days after their procedure and only 15% underwent intervention 

within a week.

Female gender and the presence of diabetes seem to be consistent predictors of ARHI 

although a variety of other factors have been incriminated. 5, 8, 13-16 Rocha et al.26 reported 

that female gender, diabetes, and side-to side anastomoses were predictors in their 

multivariate model with diabetes being the strongest predictor (OR 3.08, CI 1.2 – 8.2). The 

presence of coronary artery disease has been an inconsistent predictor of ARHI in contrast to 

our finding. Although our “negative” results need to be interpreted with caution given the 

small number of participants that required intervention and the potential for a Type II error, 

it is interesting that high take off of the radial artery, a proximal radial artery anastomosis, 

the length of the anastomosis, the diameter of the feeding artery, and the early access flow 

rates were not significantly associated with ARHI. Whittaker et al.27 and Gupta et al.28 have 

reported a 2% incidence of ARHI for proximal radial artery-based access procedures and 

have advocated this as an alternative to brachial-based procedures. The impact of the 

anastomotic length on the development of ARHI has been debated for some time despite the 

hemodynamic principle that the flow through a large arteriovenous fistula is independent of 

the communication between the vessels once the anastomotic length exceeds 75% of the 

arterial diameter.29 Bavare et al.30 reported that the mean volume flow rates were 

significantly higher in patients with brachial-cephalic AVFs that developed ARHI (1542 

mL/min vs 1087 mL/min).

The associations of ARHI with the vascular function tests provide some insight into the 

hemodynamic changes that lead to ARHI. The construction of an AVF creates a low 

resistance, high flow communication. This results in a “pressure sink” or a gradual 

diminution in the pressure along the course of the inflow artery. Kopriva et al.31 measured 

the pressures at intervals along the inflow artery in a series of brachial artery-based AVFs in 

patients (N=10) with severe ARHI and reported that the pressures were significantly lower 

than the central pressures until a level of 20 – 25 cm from the anastomosis was reached (i.e. 

Huber et al. Page 7

J Vasc Surg. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20 cm proximal to the AVF anastomosis). Predictably, the creation of an AVF leads to a 

decrease in the distal perfusion and “physiological steal” phenomenon with 80% of patient 

developing a decrease in their digital pressures6. The normal compensatory responses 

include an increase in the cardiac output, arterial vasodilation and the development of 

arterial collaterals. Not surprisingly, arterial inflow (e.g. subclavian artery stenosis) and 

outflow (e.g. forearm occlusive disease) stenoses exacerbate these hemodynamic 

changes.32, 33. The association with higher pulse wave velocity suggests that the stiffer, non-

compliant vessels may not be able to adapt and remodel in response to the AVF. This 

putative mechanism (i.e. arterial stiffness) may account for some of the strong association 

with diabetes although the degree of calcification within the inflow artery was not predictive. 

The associations with the venous plethysmography measures and the diameter of the outflow 

vein measured in the early postoperative period suggest that more compliant outflow veins 

exacerbate the outlined hemodynamic changes. The contribution of venous compliance is 

illustrated by the report from Huber et al.14 documenting their experience using the 

translocated femoral vein, a large compliant vein, as a conduit for a brachial-axillary access. 

In their series (N= 30), 43% of the patients developed symptoms consistent with ARHI and 

27% required remedial intervention.

The important, outstanding question is how these data should be used to improve clinical 

care. Unfortunately, the list of factors significantly associated with ARHI is limited despite 

the large sample size and the small number of participants that required interventions 

precluded a reliable predictive model. Furthermore, the vascular function tests are not 

routinely available in the clinical setting, and we have limited follow-up regarding the 

definitive treatments for the ARHI. The data should likely be used to increase the clinical 

suspicion for ARHI, both in the preoperative and postoperative period, underscoring the fact 

that women, diabetics, patients with coronary artery disease and those with larger, compliant 

outflow veins are at increased risk. Strategies should be implemented during the 

preoperative evaluation in this higher-risk patient cohort to identify any contributory lesions, 

potentially including arterial noninvasive studies and arteriography (either CT- or catheter-

based). The operative plan should be developed to minimize the risk of ARHI including 

correcting any inflow lesions, siting the arterial anastomosis more proximal (i.e. proximal 

brachial or axillary artery) or distal (i.e. proximal or distal radial artery) on the arterial tree, 

avoiding the use of large/compliant outflow veins, and or ligating all large venous side 

branches.28, 34, 35 Admittedly, these strategies may have a negative impact on AVF 

maturation. The most definitive operative plan to avoid ARHI is to perform a simultaneous 

remedial procedure (e.g. DRIL) although this is somewhat extreme and likely justified only 

in patients with pre-existing ischemic tissue loss or a prior ARHI in the ipsilateral 

extremity.36, 37 Higher-risk patients should be monitored closely in the postoperative period 

and counseled about the symptoms of ARHI. Lastly, a remedial operative plan should be 

generated before the index access procedures. Although the DRIL procedure appears to be 

the most accepted, the various remedial treatment options can be effective and should be 

viewed as complementary.36, 37

The results of the study should be interpreted with some caution given the inherent 

limitations. Although the HFMstudy was designed to prospectively define the incidence of 

ARHI, its primary objective was to define the predictors of AVF maturation. There was 

Huber et al. Page 8

J Vasc Surg. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



likely some inherent selection bias in that strategies were implemented preoperatively to 

reduce the risk of ARHI. The study was conducted at academic centers by clinical teams 

with an interest in hemodialysis access and may not be applicable across the country. Cases 

were restricted to HFM participants who required remedial intervention for ARHI, not the 

larger group of participants with any symptom related to ARHI. This was justified by the 

fact that remedial treatment is a well-defined endpoint although it is conceivable that the 

predictors for symptomatic ARHI are not identical to those severe enough to require 

remedial intervention. The results may not be applicable to patients undergoing AVGs. The 

time course of the symptoms of ARHI related to AVGs and AVFs is different, likely due to 

differences in the early hemodynamic changes related to the larger outflow conduit. The 

nested matched case-control analytic approach was chosen because of the limited number of 

cases although results could be distorted by unanticipated and unobserved confounders. 

Notably, the four factors selected for the matching were chosen prospectively based on a 

review of the literature. Lastly, the mean follow-up is relatively short and, thus, it is 

conceivable that a few additional participants will develop chronic symptoms of ARHI.

In conclusion, remedial intervention for ARHI after AVF construction is uncommon. 

Diabetes, female gender, capacitant outflow veins and coronary artery disease are all 

associated with an increased risk of intervention. These higher risk patients should be 

counseled preoperatively, their operative plans designed to reduce the risk of hand ischemia 

and followed closely throughout the postoperative period to avoid any longer term disability.

Appendix A - Pre-specified Candidate Predictors1

Baseline variables

Demographic

Age, sex, self-identified African-American vs. other race

Comorbidities

Diabetes, chronic dialysis. peripheral artery disease (any of amputation, carotid 

endarterectomy, carotid angioplasty, claudication or lower extremity angioplasty/bypass), 

coronary artery disease (any of myocardial infarction, coronary artery bypass, or 

percutaneous intervention), history of hypertension, other permanent access procedure, 

functional catheter on the surgery arm.

Vascular anatomy

Radial vs. brachial feeding artery, feeding artery diameter, draining vein diameter. (average 

& minimum) fistula configuration (brachial or antecubital vs. distal radial), high radial artery 

take-off among upper arm fistulas, cephalic vein vs. basilic vein transpositions vs. brachial 

vein transpositions (3 categories), within upper arm fistulas. Partition as cephalic vs. 

transpositions, and brachial transpositions vs. basilica transpositions,

Vascular function and pathology

Fistula arm brachial artery flow-mediated dilation (FMD), expressed as FMD%.
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Fistula arm brachial artery nitrogen-mediated dilation (NMD), expressed as NMD%.

Feeding artery ultrasound calcification index (none, mild, moderate to severe).

Draining vein histological calcification (any intimal and/or medial vs. none)

Carotid-radial pulse-wave velocity.

Fistula arm carotid-femoral pulse wave velocity.

Fistula forearm vein capacitance slope.

Fistula forearm maximum vein output slope.

Rescaled alternatives to FMD%: log (Post to pre inflation vein diameter ratio); log scale post 

on pre inflation vein diameter regression residual; allometrically adjusted post to pre 

inflation vein diameter ratio.

Rescaled alternatives to NMD%, as above.

Cigarette smoking

Ever smoker

Intraoperative variables

Arteriotomy length

Postoperative vascular adaptation variables

Preoperative upper arm fistula feeding artery flow, fistula flow at day 1, inflow artery 

diameter at day 1, average outflow vein diameter at day 1, minimum outflow vein diameter 

at day 1

Appendix B - Details of Matching and Statistical Analysis

The set of all non-ARHI cases matched to any case within the prescribed tolerances was 

optimally partitioned into disjoint subsets matched to each individual case by optimal full 

matching21 which enforced matching of sex, diabetes, fistula location, and age within five 

years and ii) under this constraint, chose the partition minimizing the sum of the absolute 

case-control differences in age. Optimizations were performed by the R package optmatch.38

Relationships of ARHI to continuous predictors were initially examined for nonlinearity 

using natural cubic splines with internal knots at the first and third quartiles, and boundary 

knots at the observed extrema of the predictor, by comparing the fitted spline and linear 

logistic regression models based on the same predictor. If significant nonlinearity was found 

by this 2 degree of freedom (df) comparison, then significance of the predictor's association 

with ARHI was based on the 3 df test of the full spline model; otherwise, the single df linear 

regression Wald test was used. For ordinal predictors, we compared the model using 

category indicator variables to the pseudo-linear model based on equally-spaced category 
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scores, and based a final test on the latter or a categorical model, depending on whether 

significant nonlinearity in the equally-spaced scores was found.
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Figure. 
the Kaplan-Meier curve for the time until the remedial intervention for ARHI is shown with 

the corresponding numbers of participants at risk at monthly intervals and 95% confidence 

intervals for proportions without ARHI-related intervention at the times such interventions 

occurred. Two additional interventions, respectively in months 14 and 21, are omitted and 

the vertical axis is truncated in order to better reveal detail in the first 9 post-operative 

months where 24 of the 26 interventions (92.3%) occurred, and in the 90-95% range where 

the curve and confidence intervals fall.
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Table IV

Association of postoperative vascular function with ARHI
1

Risk Factor N
2 Odds Ratio (95% CI) P-value

3

Average outflow vein diameter post-op day 0-3 (per 0.1 mm) 226 1.50 (0.94, 2.38) 0.088

Minimum outflow vein diameter post-op day 0-3 (per 0.1 mm) 226 1.61 (0.97, 2.66) 0.066

Inflow artery diameter at post-op day 0-3 (per 0.1 mm) 214 0.72 (0.34, 1.53) 0.39

AVF flow rate day 0-3 (per 100 mL/min) 219 1.09 (0.97, 1.23) 0.14

AVF flow rate week 2 (per 100 mL/min)
4 162 1.01 (0.90, 1.13) 0.89

1
Unless otherwise noted, case-control comparisons are matched on baseline sex, age, fistula location (forearm vs. upper arm), and history of 

diabetes.

2
Number of participants in matched sets that are statistically informative, in the sense that data on the risk factor was present for both at least one 

case and one matched control.

3
All hypothesis tests are two-tailed with p ≤ 0.05 required for statistical significance.

4
Analysis restricted to participants with patent AVF.
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