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ABSTRACT
Arteriovenous ﬁstula (AVF) nonmaturation is currently a signiﬁcant clinical problem; however, the mechanisms responsible
for this have remained unanswered. Previous work by our
group and others has suggested that anatomical conﬁguration
and the corresponding hemodynamic endpoints could have an
important role in AVF remodeling. Thus, our goal was to
assess the longitudinal (temporal) effect of wall shear stress
(WSS) on remodeling process of AVFs with two different conﬁgurations. The hypothesis is that early assessment of hemodynamic endpoints such as temporal gradient of WSS will predict
the maturation status of AVF at later time points. Two AVFs
with curved (C-AVF) and straight (S-AVF) conﬁgurations
were created between the femoral artery and vein of each pig.
Three pigs were considered in this study and in total six AVFs
(three C-AVF and three S-AVF) were created. The CT scan
and ultrasound were utilized to numerically evaluate local
WSS at 20 cross-sections along the venous segment of AVFs at
2D (D: days), 7D, and 28D postsurgery. These cross-sections

were located at 1.5 mm increments from the anastomosis junction. Local WSS values at these cross-sections were correlated
with their corresponding luminal area over time. The WSS in
C-AVF decreased from 22.3 ± 4.8 dyn ⁄ cm2 at 2D to
4.1 ± 5.1 dyn ⁄ cm2 at 28D, while WSS increased in S-AVF
from 13.0 ± 5.0 dyn ⁄ cm2 at 2D to 36.7 ± 5.3 dyn ⁄ cm2 at
28D. Corresponding to these changes in WSS levels, luminal
area of C-AVF dilated (0.23 ± 0.14 cm2 at 2D to
0.87 ± 0.14 cm2 at 28D) with attendant increase in ﬂow rate.
However, S-AVF had minimal changes in area
(0.26 ± 0.02 cm2 at 2D to 0.27 ± 0.03 cm2 at 28D) despite
some increase in ﬂow rate. Our results suggest that the temporal changes of WSS could have signiﬁcant effects on AVF maturation. Reduction in WSS over time (regardless of initial
values) may result in dilation (p < 0.05), while increase in
WSS may be detrimental to maturation. Thus, creation of
AVFs in a speciﬁc conﬁguration which results in a decline in
WSS over time may reduce AVF maturation failure.

Arteriovenous ﬁstulae (AVFs) are the preferred form
of vascular access in patients undergoing hemodialysis.
Infection and thrombosis rates in AVFs are lower than
polytetraﬂuroethylene grafts (the other major form of
vascular access), with an improvement in patency (1).
Despite these advantages, a major problem associated
with AVFs is a very high rate of maturation failure
(1–5). Recent studies suggest that over 60% of AVFs are
unsuitable for dialysis between 4 and 5 months postsur-

gery and this has been a major impediment to the ‘‘Fistula First’’ initiative (6,7).
Hemodynamics of the AVF is believed to be responsible for its remodeling patterns which may result in either
maturation success or failure. However, the exact relationship between the hemodynamic parameters and
remodeling patterns is still unclear. Increase in blood
ﬂow soon after the creation of AVF is accompanied by
increase in wall shear stress (WSS). This induces compensatory changes both in the arterial and venous structure leading to ﬂow-mediated remodeling (8,9). Previous
studies have shown that arteries in response to the
increased WSS levels dilate to lower the mean WSS over
time; thus, restoring baseline WSS (8,10–12). However,
the venous response to WSS variation shows variability.
Some studies have shown that vein dilates in response to
the increased levels of WSS, while others have observed
reduction in the luminal area of the vein for similar WSS
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levels (13–16). Thus, it is important to explore inﬂuence
of WSS on remodeling process within the venous
segment of an AVF.
In addition, clinical and in vivo studies on the effects
of WSS on AVF remodeling have mostly investigated
the variation of the average WSS at only one crosssection at different postsurgery time points (8–10,12,17).
Thus, effect of variations of local WSS along the arterial
and venous segments has been neglected. Moreover,
prior numerical studies (18–23) have limited their focus
on AVF hemodynamics at only one time point after the
creation of AVF. Therefore, these studies are unable to
address the dynamic nature of remodeling process over
time.
Furthermore, the longitudinal (temporal) effect of
early hemodynamic parameters (soon after AVF placement) on the remodeling patterns at later time points is
an area that has been generally overlooked in previous
studies. Understanding the complex interaction between
early hemodynamic parameters (WSS patterns, and
ﬂow) and future remodeling patterns could help predicting AVF failure or success in the early stages. Consequently, this will enable clinicians to take proper
intervention and thus, improve patient care in end stage
renal disease population (24–26). In this regard, the
geometry of AVF plays a crucial role as different surgical conﬁgurations can result in distinct WSS distributions and thus different remodeling patterns (27).
Here, our hypothesis was that different AVF conﬁgurations affect the temporal distribution of WSS which
induce distinct remodeling patterns over time. Accordingly, AVFs with two different conﬁgurations were created in a pig model to address the following aims: (a)
evaluate the effects of two limiting conditions of AVF
conﬁgurations on hemodynamics (WSS and ﬂow) and
its inﬂuence on venous remodeling over time; (b) statistically assess the signiﬁcance of different WSS parameters
such as temporal gradient of WSS, early WSS levels, and
absolute WSS on the AVF’s luminal area over time.
From a clinical prospective, goal of this study was to
assess whether changes in WSS parameters between

sequential time points were associated with clinical
endpoints of AVF maturation such as luminal area and
ﬂow rates.
Methods
Design of Experiment
The AVFs were created in the curved (C-AVF) and
straight (S-AVF) conﬁgurations in three pigs between
the femoral artery and vein on either limb of 50 kg
Yorkshire Cross pigs (Fig. 1A,B). The major difference
between two conﬁgurations was the higher radius of curvature (=4.2 ± 0.3 mm) in C-AVF whereas it was relatively smaller (=2.7 ± 0.1 mm) in S-AVF (28). The
difference between the radii of curvatures of two conﬁgurations was statistically signiﬁcant (p < 0.05). Anatomical and ﬂow measurements were performed 2D
(D: days), 7D, and 28D after AVF placement. Pigs were
sacriﬁced at either 7D (n = 1) or 28D (n = 2) postsurgery. One of the pigs was sacriﬁced at 7D to obtain histological information at an early postsurgery time point.
The speciﬁc geometry of AVFs at any of the postsurgery
time points was reconstructed from the DICOM images
obtained through 64 slice CT angiography (Fig. 1C,D).
Color Doppler ultrasound (ATL HDI 5000 Ultrasound,
ATL, Bothell, WA, USA) was utilized to record the
instantaneous velocity pulses at all the postsurgery
points from which the average velocity pulses were
obtained. Additional details about experimental design,
anatomical, and ﬂow measurements are given in our
previous studies (27,29).
Computational Fluid Dynamics Analysis
The GAMBIT software (ver. 6.3.2; Ansys Inc,
Canonsburg, PA, USA) was used to generate the numerical domain for each of the reconstructed geometries of
the AVFs. The AVF ﬂow ﬁelds were obtained through
computational ﬂuid dynamics (CFD) analyses using the
ﬁnite volume method. The velocity pulses measured via
A
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Fig. 1. Surgical conﬁguration of (A) curved (C-AVF) and (B) straight (S-AVF) AVF in a pig model. Femoral artery and vein are
speciﬁed and white arrows show the ﬂow direction. Reconstructed geometry of (C) C-AVF and (D) S-AVF with a sample cross-section
created normal to the venous centerline. The orange vectors correspond to the unit normal vector.
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ultrasound at different time points were used as boundary conditions for CFD analysis. Numerical results were
validated with the measured ﬂows from the ultrasound
(27). Once the ﬂow ﬁeld of AVF was obtained, 20 crosssections with 1.5 mm increments from anastomosis
junction were created normal to the centerline of vein for
all the AVFs at each of the postsurgery time points
(Fig. 1C,D). Mean WSS vectors at any boundary node
in each cross-section were obtained by averaging WSS
over the cardiac cycle. Subsequently, dot product of
these vectors and the corresponding unit normal vectors
resulted in the mean axial WSS at each of these crosssections. (Note: Axial WSS is referred to as WSS.) Also,
luminal area of the venous segment was measured at
these 20 cross-sections. Thus, variation of WSS and
luminal area at 20 cross-sections in the venous segment
of each AVF was studied over time.
Statistical Analysis
The time-dependent WSS-Area data were regressed
using the random effects model. We had 16 repeated
measures in time; six for each 28D pigs (three sets at 2D,
7D, and 28D for each C-AVF and S-AVF) and four
data points for the 7D pig (two sets at 2D and 7D for
each C-AVF and S-AVF). Table 1 shows the matrix of
data for this study. It should be noted that each repeated
measure involved performing CT scan to obtain anatomical conﬁguration of AVFs and ultrasound to measure ﬂow rates. Subsequently, CFD analysis was
performed to evaluate the local WSS and luminal area
for 20 cross-sections along the vein of each AVF. Thus,
in total, we had 320 (16 · 20) data points.
The longitudinal measures of WSS (covariate) in the
AVFs with two conﬁgurations (ﬁxed effects) placed in
three pigs (groups) result in a dataset with multilevel
structure. The random effects model is an appropriate
technique to analyze this type of data (30). Traditional
regression techniques, unlike the random effects model,
are unable to recognize the multilevel structure of the
data which often leads to overestimation or underesti-

mation of the statistical signiﬁcance of the regression
coefﬁcients (30).
Using this method, we can ﬁnd the correlation
between area at 7D or 28D and the various WSS parameters (i.e., temporal gradient of WSS [s0 ¼ dWSS
dt ], absolute WSS, and WSS at 2D [WSS2D]) over time.
Regression coefﬁcients with p-values less than 0.05 were
considered to be statistically signiﬁcant. The average values of parameters are given in terms of LS-mean values.
Here, as our dataset is unbalanced (one pig was sacriﬁced at 7D), LS-mean is more appropriate to use than
arithmetic mean.
Results
Temporal and spatial variations of mean WSS and
mean area in the venous segment of the AVFs are
described here. Mean luminal area of the vein is considered as a measure of AVF remodeling and an indicator
of AVF maturation. Results are presented as
mean ± SD.
Effect of WSS on Venous Remodeling
Variations of mean axial WSS and mean area along
the venous segment of C-AVF and S-AVF over time are
shown in Fig. 2A,B, respectively. Mean WSS and mean
area for a speciﬁc conﬁguration were obtained by averaging their corresponding values over the 20 cross-sections created along the venous segment. The WSS in the
C-AVF decreased from 22.3 ± 4.8 dyn ⁄ cm2 at 2D to
16.9 ± 4.8 dyn ⁄ cm2 at 7D, and to 4.1 ± 5.1 dyn ⁄ cm2
at 28D. However, in S-AVF, WSS increased from
13.0 ± 5.0 dyn ⁄ cm2 at 2D to 20.4 ± 5.0 dyn ⁄ cm2 at
7D, and to 36.7 ± 5.3 dyn ⁄ cm2 at 28D. The decrease in
WSS levels of C-AVF was accompanied with an increase
in mean area (from 0.23 ± 0.14 cm2 at 2D to
0.51 ± 0.14 cm2 at 7D, and to 0.87 ± 0.14 cm2 at
28D). However, the increase in WSS levels of the S-AVF
coincided with almost unchanged luminal area over time

TABLE 1. Data Matrix: Pigs 1 and 2 were sacriﬁced at 28D postsurgery, while pig 3 was sacriﬁced 7D after AVF placement. (US stands
for ultrasound)
2D (D: days)

Pig 1
Curved AVF
Number of data
Straight AVF
Number of data
Pig 2
Curved AVF
Number of data
Straight AVF
Number of data
Pig 3
Curved AVF
Number of data
Straight AVF
Number of data

28D

CT scan

US

CFD

CT scan

US

CFD

CT scan

US

CFD

4

4
20
4
20

4

4

4

4

4

4

4

4
20
4
20

4

4

4
20
4
20

4
20
4
20

4

4

4

4

4

4

4

4
20
4
20

4

4

4
20
4
20

4
20
4
20

4

4

4

4

4

4
20
4
20

points
4
points
4
points
4
points
4
points
4
points

7D

4

4

4

4
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Fig. 2. Variations of mean axial wall shear stress (WSS) and
mean area along the venous segment over time for (A) C-AVF
and (B) S-AVF.

(from 0.25 ± 0.02 cm2 at 2D to 0.32 ± 0.02 cm2 at 7D
and to 0.27 ± 0.03 cm2 at 28D).

C-AVF

C-AVF

-0.02

Fig. 3. (A) Temporal gradient of the mean WSS (s) and (B)
temporal gradient of mean area (A) at 7D and 28D for C-AVF
and S-AVF.

WSS levels at 28D with respect to the early levels, while
S-AVF has a high positive s¢ (0.71 dyn ⁄ cm2 ⁄ day) which
reveals the increasing trend of WSS at 28D as compared
with 7D. In comparison with these s¢ values, A for
C-AVF and S-AVF at 28D are 0.015 and )0.0027
cm2 ⁄ day, respectively.

Vein Response to the Temporal Gradient of WSS
Temporal gradient of WSS (s¢) is deﬁned as the ratio
of the difference in later (28D or 7D) WSS from the early
(7D or 2D) WSS levels to the corresponding time difference (s0 ¼ WSS28D WSS7D and s0 ¼ WSS7D WSS2D ).
Dtime
Dtime
Also,
temporal
gradient
of
luminal
area
Area
Area
0
0
28D Area7D
7D Area2D
ðA ¼
and A ¼
) is
Dtime
Dtime
deﬁned the same way as s¢. Here, the differences and
trends in WSS at the early time points (2D and 7D) are
linked up with later changes (7D and 28D) in luminal
area to assess how early WSS trends can inﬂuence later
luminal area (maturation). Figure 3A,B shows the levels
of s¢ and A¢, respectively, at 7D and 28D. s¢ at 7D for
C-AVF ()1.07 dyn ⁄ cm2 ⁄ day) is negative as compared
to the one for S-AVF (1.48 dyn ⁄ cm2 ⁄ day), which has
also resulted in a larger positive luminal area gradient in
the C-AVF (0.05 cm2 ⁄ day) vs. S-AVF (0.01 cm2 ⁄ day).
Furthermore, at 28D, s¢ for C-AVF is negative
()0.56 dyn ⁄ cm2 ⁄ day), which shows reduction in the

Effect of Flow Rate on Venous Remodeling
In addition to luminal area, venous ﬂow rate is one of
the important factors to evaluate the AVF maturation.
Figure 4 shows the variation of mean venous ﬂow rate
for C-AVF and S-AVFs over time. Mean venous ﬂow
rates were obtained by averaging the ﬂow rate at venous
outlet over the cardiac cycle. Mean ﬂow rate in C-AVF
increased from 1125 ± 419 ml ⁄ minute at 2D to
2159 ± 419 ml ⁄ minute at 7D and to 3700 ± 475
ml ⁄ minute at 28D. In comparison with C-AVF, mean
ﬂow rates in S-AVF have lower levels at all time points
while increasing from 811 ± 343 ml ⁄ minute at 2D to
1729 ± 343 ml ⁄ minute at 7D and to 1733 ± 406
ml ⁄ minute at 28D.
Statistical Model
Here, signiﬁcance of temporal gradient of WSS (s¢),
early WSS (WSS2D), and absolute WSS on luminal area
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Effect of Configuration of AVFs on Venous
Remodeling

4500
4000

C-AVF

S-AVF

3500

Q (ml/min)

3000
2500
2000
1500
1000
500
0
0

5

10

15

20

25

30

Time (Days)
Fig. 4. Variation of mean venous ﬂow rate in C-AVF and
S-AVF over time.

of the venous segment is evaluated. Regression model
for s is shown in Table 2. s¢ is not signiﬁcant for S-AVF
(p = 0.776), while it is signiﬁcant (p = 0.01) for
C-AVF with a negative slope (b1 = )0.021). Time is signiﬁcant for both C-AVF and S-AVF with positive
(b2 = 0.343) and negative (b2 = )0.073) slopes, respectively. The regression model for WSS2D is presented in
Table 3. The WSS2D is signiﬁcant for both C-AVF and
S-AVF with positive (b1 = 0.027) and negative
(b1 = )0.004) slopes, respectively. Time is also signiﬁcant with positive (b2 = 0.564) and negative
(b2 = )0.082) slopes for C-AVF and S-AVF, respectively. The interaction between time and WSS2D
(time · WSS2D) is also signiﬁcant for both C-AVF and
S-AVF with negative (b3 = )0.011) and positive
(b3 = 0.002) slopes, respectively. The regression model
for the absolute WSS is shown in Table 4. It can be seen
that absolute WSS is not a signiﬁcant factor in predicting
the luminal area of AVF in both C-AVF and S-AVF
(p > 0.05).
Discussion
The ffects of temporal changes of WSS on the luminal
area of the AVF with two different conﬁgurations were
studied for the ﬁrst time in a pig model. The major ﬁndings of this research can be summarized as (a) conﬁguration of AVF has a strong impact on the WSS
distribution and its remodeling patterns; (b) the temporal
gradient of WSS and not the absolute WSS could be a
predictor for clinical maturation; (c) early WSS levels
soon after AVF placement could also be an important
predictor for AVF success or failure.

The AVFs were created with curved and straight conﬁgurations in a pig model which allowed us to document
the local variations of luminal area and WSS along the
venous segment of AVFs. The major difference between
the surgical conﬁgurations of C-AVF and S-AVF was
that C-AVFs were created with signiﬁcantly larger
radius of curvature as compared to the S-AVFs
(4.21 ± 0.31 mm vs. 2.70 ± 0.08 mm, p < 0.05).
Although, minimal differences in other geometrical
characteristics of AVFs such as anastomosis angle were
inevitable, we tried our best to minimize these differences
in each group. Therefore, the radius of curvature was
kept as the leading difference between the two groups at
the day of surgery.
Different geometries of AVF resulted in different
WSS values that could trigger distinct remodeling processes over time. The S-AVF induced an increasing trend
of WSS over time (from 13.0 ± 5.0 dyn ⁄ cm2 at 2D to
36.7 ± 5.3 dyn ⁄ cm2 at 28D) which accompanied with
almost unchanged area (from 0.26 ± 0.02 cm2 at 2D to
0.27 ± 0.03 cm2 at 28D). It should be mentioned that
increase in WSS levels of S-AVF was associated with
simultaneous increase in venous ﬂow rate (perhaps secondary to venous dilation) and almost constant area
over time. However, it should be noted that despite the
signiﬁcant increase in ﬂow of S-AVF from 2D
(811 ± 343 ml ⁄ minute) to 7D (1729 ± 343), the percentage increase in its ﬂow rate from 7D
(1729 ± 343 ml ⁄ minute) to 28D (1733 ± 406 ml ⁄ minute) was only 0.2% (=100 · [(1733 ) 1729) ⁄ 1729]).
During 7D to 28D time points, vasoconstriction in SAVF resulted in an increase in ﬂow resistance which led
to a signiﬁcant increase in WSS, while the increase in
ﬂow rate was minimal. In contrast, C-AVF showed a
decreasing trend of WSS over time (from
22.3 ± 4.8 dyn ⁄ cm2 at 2D to 4.1 ± 5.1 dyn ⁄ cm2 at
28D), followed by consistent dilation of area (from
0.23 ± 0.14 cm2 at baseline to 0.87 ± 0.14 cm2 at
28D) as well as a very signiﬁcant increase in ﬂow (from
1125 ± 419 ml ⁄ minute at baseline to 3700 ± 475
ml ⁄ minute at 28D). This shows that surgical conﬁguration of AVF has a signiﬁcant impact on the changes in
luminal area of the venous segment and ultimately on its
maturation or failure.
Effect of Temporal Gradient of WSS on AVF
Remodeling
With respect to longitudinal changes of WSS two different remodeling patterns were observed; vasodilation

TABLE 2. Regression Coefﬁcients for the Model: Area = b0 + b1s + b2time + e
Straight AVF

b0
b1
b2

Curved AVF

Regression coefﬁcient

p-value

Regression coefﬁcient

p-value

0.498
)0.024
)0.073

0.038
0.776*
<.0001

)0.176
)0.021
0.343

0.038
0.01
<.0001

Bold values are statistically signiﬁcant, whereas numbers denoted by * do not have statistical signiﬁcance.
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TABLE 3. Regression Coefﬁcients for the Model: Area = b0 + b1WSS2D + b2time + b3WSS2D · time + e
Straight AVF
Regression coefﬁcient

b0
b1
b2
b3

0.481
)0.004
)0.082
0.002

Curved AVF
p-value
0.008
<0.0001
<0.0001
<0.0001

Regression coefﬁcient
)0.166
0.027
0.564
)0.011

p-value
0.041
<0.0001
<0.0001
<0.0001

Bold values are statistically signiﬁcant, whereas numbers denoted by * do not have statistical signiﬁcance.

TABLE 4. Regression Coefﬁcients for the Model: Area = b0 + b1WSS + b2time + e
Straight AVF

b0
b1
b2

Curved AVF

Regression coefﬁcient

p-value

Regression coefﬁcient

p-value

3.912
)0.026
)1.080

0.303*
0.801*
0.790*

0.150
)0.009
0.263

0.303*
0.801*
0.877*

Bold values are statistically signiﬁcant, whereas numbers denoted by * do not have statistical signiﬁcance.

corresponding to temporal decrease in WSS levels and
vasoconstriction associated with longitudinal increase in
WSS. In both cases, blood ﬂow has increased over time,
albeit with different magnitudes (signiﬁcant increase in
C-AVF and minimal increase in S-AVF); suggesting that
ﬂow-mediated remodeling in veins is different than that
in arteries. In response to the increased levels of WSS,
arteries are known to dilate to normalize the WSS levels
(31). However, previous studies (32,33) have shown that
venous diameters may shrink in response to the increase
in ﬂow rate; similar to the remodeling patterns in
S-AVF. In contrast, Corpataux et al. (34) and Langer
et al. (13) showed that vein dilates to restore the mean
WSS levels over time in both human and animal experiments. This is consistent with the results of C-AVF.
These data suggest that the disconnect between the previously described studies could be related to local differences in hemodynamic parameters and proﬁles. The
most plausible cause for localized differences in hemodynamic parameters is of course differences in the anatomical conﬁgurations of AVF.
Effect of Early WSS on AVF Remodeling
Acute changes in hemodynamic parameters of the
vessels immediately after AVF placement is believed to
initiate a remodeling process that can aggressively alter
the geometrical and cellular structure of the AVF
(11,13,33,35–37). It should be mentioned that despite
the availability of several studies on acute ﬂow-mediated
remodeling, there are not many studies that explore how
vessels adapt in response to early hemodynamics. In our
study, C-AVF with higher levels of WSS at 2D
(22.3 ± 4.8 dyn ⁄ cm2) has a greater gain in luminal area
as compared with S-AVF with early WSS levels of
13.0 ± 5.0 dyn ⁄ cm2 (28D area of C-AVF: 0.87
± 0.14 cm2 vs. S-AVF: 0.27 ± 0.03 cm2). These data
suggest that temporal proﬁle of WSS in the early days
after the surgery may impose different remodeling patterns in later time points. This is consistent with the ﬁnd-

ings of Tuttle et al. (37) on the dependency of speciﬁc
remodeling patterns with the levels of shear stimuli.
Authors controlled the WSS levels in mesenteric arteries
by regulating blood ﬂow rate. After 2D the luminal
diameter remained unchanged in the group with 200%
increase in blood ﬂow, while in the 400% group luminal
diameter increased. Therefore, different levels of early
WSS can trigger distinct remodeling patterns over time.
It should be mentioned that this study (37) focused on
arterial (not venous) autoregulatory response to ﬂow,
and in addition the absolute value of ﬂow was much
lower as compared to that present in pig AVFs. Therefore, studying different remodeling patterns in the veins
exposed to different levels of early shear stimulus can be
of great clinical importance. Our results suggest that
veins may experience different remodeling patterns
based on the levels of early shear stimulus; however,
more studies are needed to explore this phenomenon in
detail.
Regression Models of WSS-Dependent
Remodeling over Time
Three regression models were considered to ﬁnd the
statistical signiﬁcance of temporal gradient of WSS (s¢),
early WSS, and absolute WSS on luminal area of AVF.
It was found that s¢ has a negative slope and is signiﬁcant
only in the case of C-AVF. Thus, reduction in WSS levels over time (negative slope) has a positive effect on
maturation, while temporal increase (positive slope) in
WSS levels is detrimental to maturation. Also, it was
found that early WSS levels have a positive slope in
C-AVF, while having negative slope in S-AVF. This
supports our previous discussion that different early
WSS levels may result in distinct remodeling patterns. In
addition, absolute value of WSS was found not to correlate with luminal area. Thus, in comparison with absolute WSS, the slope of changes of WSS over time and
WSS levels at early stages may be better predictors of
future clinical maturation.
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It should be mentioned that the sample size was relatively small in this study; however, the repeated measure
design of the study allowed statistical inference to be
made. Also, WSS and luminal area of 20 cross-sections
along the venous segment of each AVF was evaluated
over time which compensated for the lesser number of
animals for the study. Moreover, it is noteworthy that
despite the small sample size, still s¢ was found to have a
statistically signiﬁcant effect on variation of luminal area
of AVF over time. Thus, this parameter may be a signiﬁcant parameter to predict the future maturation status
of AVF. Therefore, it could be of great clinical importance to conduct similar experiment with larger sample
size to explore the inﬂuence of initial s¢ and early WSS
level on future maturation outcome of AVFs.

of above hemodynamic parameters (for example, an initial WSS of greater than x plus a percentage decrease in WSS > y in the ﬁrst week
postsurgery) could allow for the computational
modeling of an ‘‘ideal’’ conﬁguration for an
AVF which could then be used by dialysis vascular surgeons.
Finally, we believe that our experimental ﬁndings
focus on very fundamental interactions between hemodynamics and the vessel wall and so represent a novel
approach to the clinical problem of AVF maturation
failure. The successful translation of this approach to
the clinical arena could play a crucial role in reducing the
huge morbidity and economic costs currently associated
with AVF maturation failure.

Conclusion
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We showed that conﬁguration of AVF plays a crucial
role in remodeling patterns by altering the hemodynamics of AVF. The C-AVF in comparison with S-AVF provides a favorable hemodynamic milieu for remodeling.
Our study also introduces early levels of WSS and the
temporal variation of WSS as two important hemodynamic parameters that may allow us to predict AVF
maturation soon after surgery. In C-AVF, WSS
decreases over time which is associated with luminal
dilation; however, in S-AVF, WSS increases over time
which results in almost unchanged area. Also, early levels of WSS in C-AVF is higher than S-AVF which may
reveal that different levels of early WSS can trigger distinct remodeling patterns. Thus, it is of great clinical
importance to study the effect of different levels of early
shear stimulus and temporal variation of WSS on the
remodeling process of the AVFs. It should be noted that
both of these parameters can be altered by surgical conﬁguration of AVF. Thus, identifying favorable WSS patterns might help future surgeons to create an optimized
AVF conﬁguration that can result in the highest
patency.
Accordingly, the clinical signiﬁcance of this study is
twofold:
1. We believe that the combination of early levels
of WSS (high or low) together with early initial
trends over time (increase or decrease) could be
an important predictor of ultimate AVF success or failure. Speciﬁcally, as WSS can consider both effects of anatomical conﬁguration
and ﬂow rate, it is likely that a combination of
the above shear parameters may have a superior predictive power to more conventional,
albeit relatively unproven, indicators such as
ﬂow and diameter. In particular the early
(within 1 week) identiﬁcation of future AVF
dysfunction could allow patients at risk of maturation failure to be placed into aggressive
intervention and follow-up protocols to allow
for assisted maturation through endovascular
or surgical approaches.
2. At a more fundamental level, identiﬁcation of
speciﬁc predictive cutoffs for the combination
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