CJASN ePress. Published on July 26, 2006 as doi: 10.2215/CJN.00580206

Influence of Luminal Diameters on Flow Surveillance of
Hemodialysis Grafts: Insights from a Mathematical Model
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Randomized controlled trials have not shown that surveillance of graft blood flow (Q) prolongs graft life. Because luminal
diameters affect flow resistance, this study examined whether the influence of diameters on Q can explain the limitations of
surveillance. Inflow artery and outflow vein diameters were determined from duplex ultrasound studies of 94 patients. These
diameters were applied to a mathematical model for determination of how they affect the relation between Q and stenosis.
Also determined was the correlation between Q (by ultrasound dilution) and diameters, stenosis, and mean arterial pressure
in 88 patients. Artery and vein diameters varied widely between patients, but arteries generally were narrower than veins. The
model predicts that the relation between Q and stenosis is sigmoid: as stenosis progresses, Q initially remains unchanged but
then rapidly decreases. A narrower artery increases flow resistance, causing a longer delay followed by a more rapid reduction
in Q. In a multiple regression analysis of data from patients, Q correlated with artery and vein diameters, sum of largest
stenoses from each circuit segment, and mean arterial pressure (R = 0.689, P < 0.001). This study helps to explain why Q
surveillance predicts thrombosis in some patients but not others. Luminal diameters control the relation between Q and
stenosis, and these diameters vary widely. During progressive stenosis, the delay and then rapid reduction in Q may impair
recognition of low Q before thrombosis occurs. Surveillance outcomes might be improved by taking frequent measurements
so that there is no delay in discovering that Q has decreased.
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he hemodialysis synthetic graft is prone to developing
progressive stenosis, thrombosis, and ultimately graft
abandonment. The National Kidney Foundation Kid-
ney Disease Outcomes Quality Initiative (K/DOQI) guidelines
recommend that grafts undergo surveillance of function com-
bined with preemptive correction of stenosis so that graft fail-
ure can be prevented (1). Measurement of graft blood flow (Q)
has been the preferred method of measuring function. This
preference is based on the assumption that progressive stenosis
causes a gradual reduction in Q that leads to stasis and throm-
bosis (2). Landmark nonrandomized studies reported that sur-
veillance of function improves graft outcomes (3,4), but more
recent randomized controlled trials have not confirmed this
(5-7). Moreover, monthly Q measurements have proved to be
an inaccurate predictor of thrombosis (8—11). In our patients,
44% of thromboses occur without a preceding reduction in Q
(10,11). Consequently, the efficacy of flow surveillance has been
debated at several recent nephrology symposia and in the
literature (12-14).
We believe that the time has come to reexamine the basic
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assumption that flow surveillance can detect progressive ste-
nosis before thrombosis occurs. The feasibility of surveillance
depends on the relations among Q, stenosis, and other vari-
ables, such as luminal diameters, mean arterial pressure (MAP),
and hematocrit (Hct). For example, the shape of the Q versus
stenosis curve may influence the success of surveillance. A
linear relation between Q and stenosis would favor an early
reduction in Q as stenosis progresses, whereas a sigmoid rela-
tion would favor a delayed reduction in Q followed by a rapid
decrease that might impair timely detection of stenosis. As
another example, if diameters of the inflow artery and outflow
vein vary from patient to patient, then resistance to flow also
will vary. Such variation in resistance will alter the relation
between Q and stenosis, so surveillance may be more effective
in some patients than in others. Spergel et al. (15) similarly
suggested that variation in diameters may impair the effective-
ness of venous pressure surveillance.

Evaluation of these issues requires a thorough analysis of
relations among Q, stenosis, luminal diameters, and other key
variables in the graft circuit. This has not been done in clinical
studies because such relations are complex and not easily dis-
cerned from data on patients. Alternatively, a mathematical
model of the graft provides an ideal method to analyze such
relations. We previously proposed such a model on the basis of
pressure-flow equations from the engineering literature (16)
and then used an in vitro apparatus to refine and validate the
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model (17). In this study, we applied representative diameters
of inflow arteries and outflow veins to the model and deter-
mined how variations in diameters, MAP, and Hct affect the
relation between Q and stenosis. The model improves under-
standing of graft hemodynamics and the factors that affect Q
surveillance, and may help in designing programs that opti-
mally detect and treat progressive stenosis.

Materials and Methods
Model of Graft Vascular Circuit

The model includes the inflow artery, arterial and venous anastomo-
ses, graft, stenosis, and outflow vein (Figure 1) (16,17). It is designed to
resemble a loop graft that is anastomosed end to side to the radial or
brachial artery and cubital or cephalic vein. Nevertheless, the principles
developed herein also apply to a straight graft (see Discussion section).
Given that the model is nonpulsatile, calculations of Q and pressure
should be considered time averaged. The absence of pulsatility may
have caused at most a mild overestimation of Q and should not affect
the general validity of the model (17). For simplicity, the model as-
sumes that the artery and vein distal to the anastomosis are ligated or
that flows in these vessels can be ignored because they are small
compared with graft flow. The model ignores special conditions, such
as tortuous vessels and nonuniform diameters.

The model is defined by a total pressure drop equation (AProrar)
that is the sum of pressure drops across all of the segments of the circuit
(16,17): AProrar = MAP — CVP = AP rrpry + APpga + APcgrarr +
APy, + APsrenosis T APyemy, where CVP is central venous pressure,
AA is arterial anastomosis, and VA is venous anastomosis. This equa-
tion is based on the concept that pressure falls as blood flows through
the circuit, and the total pressure drop is MAP — CVP. The AProrap
equation determines relations between the variables that characterize
the circuit: Q, circuit pressures, luminal diameters, stenosis, MAP, and
Hct. When diameters are uniform throughout, APor,; largely is
caused by friction-induced losses of fluid energy. Changes in vascular
resistance of the access circuit directly affect Q, whereas changes in
systemic vascular resistance affect Q through their effect on MAP.

We showed previously that, with some refinements, pressure-flow
equations from the engineering literature can be used to model the graft
circuit (17). These equations give AP as a function of Q, luminal diam-
eter, MAP, viscosity, and other variables and constants. We related the
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Figure 1. Model of graft vascular circuit. Figure indicates pres-
sure-flow equations that were used to compute pressure drops
(AP) at each segment of circuit. Sum of all the AP equations
equals mean arterial pressure (MAP) minus central venous
pressure (CVP). Adapted from reference (17) with permission
of the American Society of Mechanical Engineers.
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viscosity of blood (u, in g/cm per s) to Het (%) with the following
equation: u = 0.01 + (5.6 X 10~*)Hct (18). The lengths of the artery,
graft, vein, and stenosis were set equal to 40, 34, 40, and 1 cm, respec-
tively. The artery and vein lengths represent the vessels of a forearm
loop graft before they develop wider diameters in the chest (where they
do not contribute significantly to flow resistance). We selected artery
and vein diameters that were representative of our patients (see Mea-
surements in Patients section). We defined stenosis as percentage re-
duction in luminal diameter.

The AP equations for the artery, graft, and vein depend on whether
flow is laminar or turbulent. Thus, the type of flow influences Q. A
minimum “entrance length” is required for laminar flow to develop
fully. For most large arteries, the entrance length approaches the length
of the artery, so laminar flow usually is not developed fully. Therefore,
we used Shah’s laminar entry-flow equation to represent such flow
(19,20). We used a modified Blasius equation to represent turbulent
flow (17,21).

The in vitro study showed that the graft and the vein exhibit turbulent
flow, whereas the artery may exhibit laminar entry flow or turbulent
flow, depending on the Reynolds number: Re = pQ/157Dpu (p is blood
density in g/ cm?, Q is in ml/min, and D is diameter in cm) (16). We
found that as Re increased above 1500 in the artery, flow became
turbulent (17). Therefore, we used Shah’s equation when Re was <1500
(19,20) and used the modified Blasius equation when Re was =1500
(17,21).

We modeled the stenosis with a modified Young’s equation (17,22).
The anastomoses were modeled by adding two equations together: a
T-junction equation that defines AP across the junction of two tubes
(23), plus AP caused by increases (24) or decreases (25) in luminal
diameter (Bernoulli’s Law [16]).

Measurements in Patients

To ensure that we used representative diameters of the artery and the
vein, we reviewed duplex ultrasound studies of 109 patients who had
grafts and were evaluated for eligibility in a previous clinical trial (5).
A single qualified ultrasound technologist performed studies with a
Siemens Sonoline Versa Scanner and a 7.5- or 5.0-MHz linear trans-
ducer (Siemens Medical Systems Inc., Issaquah, WA). The graft, arterial
and venous anastomoses, inflow artery, and outflow vein were evalu-
ated in sagittal and transverse planes with and without color. Images
were recorded on videotape for subsequent analysis. The largest per-
centage stenosis in each circuit segment was recorded. Luminal diam-
eters were measured where they were most representative of the artery
and vein within a few centimeters of the anastomoses. These locations
had the smallest diameters of arteries and veins in the circuit and
therefore largely controlled inflow and outflow resistances.

Patients who entered the previous trial (5) underwent measurement
of Q by ultrasound dilution (Transonic Systems, Inc., Ithaca, NY) (26) a
mean of 5 d after the duplex ultrasound study. Q and MAP were
determined together as described previously (5).

Analysis

The AProrap equation was used to compute relations among Q,
pressures, luminal diameters, stenosis, MAP, and Hct. After fully de-
fining the equation (Figure 1), we used Microsoft Excel Solver (the
Generalized Reduced Gradient nonlinear optimization code) to deter-
mine these relations.

Statistical Analyses
For data from patients, standard least-squares regression analysis
was used to determine correlations among the variables in the model.



Clin ] Am Soc Nephrol ee :

000 -000 o000

Differences between means were tested by paired t test. P < 0.05 was
considered significant.

Results
Selecting Luminal Diameters

Selection of luminal diameters is a key step in modeling the
graft circuit. For simplicity, we assumed a uniform graft diam-
eter of 0.60 cm. In selecting artery and vein diameters, we
considered the results of duplex ultrasound studies in 109
patients. We excluded 15 patients because grafts were not in the
arm or the forearm or because duplicated outflow veins or
other abnormalities prevented a representative measurement of
diameters (Tables 1 and 2). The mean graft age in the remaining
94 patients was >1 yr. Diameters varied widely, but, in general,
the artery was narrower than the vein (Figure 2). The median
ratio of artery/vein diameters was 0.77, and 80 of 94 patients
had ratios of <1.0. We considered the influence of low, median,
and high ratios on the model (Table 3).

Pressures in Graft Circuit

The model is based on equations that relate pressure to Q and
other key variables. Figure 3 shows the pressure from begin-
ning to end of the circuit as percentage of initial value. The
artery/vein ratio was set at the median value of 0.77, so the
artery was narrower than the vein. The model predicts that in
the nonstenotic circuit, pressure falls 49% by the time the arte-
rial limb of the graft is reached. Figure 3 shows, however, that
as stenosis progresses, pressure upstream to the stenosis in-
creases, and the pressure drop across the stenosis eventually
accounts for most of the pressure drop in the circuit.

Relations between Variables in Model

We determined the relation between Q and stenosis while
varying MAP from 70 to 140 mmHg (Figure 4). This MAP range
was observed in a previous study of 51 patients (27). Figure 4
shows that the relation between Q and stenosis is sigmoid: as
stenosis progresses, Q initially remains unchanged but then
rapidly decreases as critical stenosis (60 to 80%) is reached.
Figure 4 also shows that MAP has a strong effect on Q: Dou-

Table 1. Patient and graft characteristics

Characteristic Value

No. of patients 94
Patient age (mean * SEM) 543 = 1.6
Black 90 (96%)
Female 55 (59%)
Diabetes 43 (46%)
Hypertension 94 (100%)
Graft age (d; mean = SEM) 405 + 57
Graft location

forearm 32 (34%)

arm 62 (66%)
Configuration

loop 34 (36%)

straight 60 (64%)
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bling MAP will increase Q by 50% at all levels of stenosis. In
contrast, Hct has a small effect on Q. The model predicts that an
increase in Hct from 15 to 45% will decrease Q by only 4 to 6%.

Artery and vein diameters control the relation between Q
and stenosis (Figure 5). As the artery narrows (lower artery/
vein ratios), Q is reduced and the curve is flattened and shifted
to the right. This is illustrated further in Figure 6, which shows
Q as a percentage of initial value. Ratios below the median
value shift the curve to the right, promoting a delay and then
rapid reduction in Q. Conversely, a high ratio shifts the curve to
the left, thereby promoting a slightly earlier decrease.

Correlations between Variables in Patients

We evaluated the correlation between Q and luminal diam-
eters in 88 patients from Table 1 who had the following mea-
surements: Q (by ultrasound dilution), artery and vein diame-
ters, largest percentage stenosis in each circuit segment (artery
and anastomosis, graft, venous anastomosis, and vein), and
MAP. Individual stenoses were NS when compared with sum
of stenoses, so only the sum was considered. With Q as the
dependent variable, the simple correlation coefficients were
sum of stenoses (r = —0.531, P < 0.001), vein diameter (r =
0.461, P < 0.001), artery diameter (r = 0.378, P < 0.001), and
MAP (r = 0.190, P = 0.08). All four independent variables were
significant when included in a multiple regression analysis (all
P < 0.005); the multiple correlation coefficient was 0.689 (P <
0.001).

Discussion

This study used a mathematical model of the graft vascular
circuit to determine relations among Q, luminal diameters,
stenosis, MAP, and Hct. The access circuit is unique in that it
bypasses the arteriolar resistances. This yields a high Q shunt
with a large dissipation of energy and pressure before the
arterial limb of the graft is reached. Therefore, it is unlike the
normal circulation in which pressures in the arm are only
slightly lower than in the ascending aorta.

This study improves understanding of graft hemodynamics
and helps to explain why Q surveillance predicts thrombosis in
some patients but not others. The most important new insight
is that diameters of the inflow artery and outflow vein vary
widely, and the diameters of these vessels control the relation
between Q and stenosis. Patients generally have narrower ar-
teries than veins, so the inflow artery dominates circuit resis-
tance until stenosis is well advanced. Artery/vein diameter
ratios below the median (narrower arteries) are predicted to
delay the stenosis-induced reduction in Q until critical stenosis
(60 to 80%) is reached (Figures 5 and 6). Assuming stenosis
progresses at a constant rate, the delay and then rapid reduc-
tion in Q helps to explain why monthly Q measurements often
fail to warn of thrombosis (8-10).

In applying Q surveillance, it is important to avoid unneces-
sary procedures. Therefore, grafts should not be referred for
angiography and preemptive correction of stenosis unless a
significant decrease in Q (AQ) has occurred. If P < 0.05 is
required, then AQ must be >33% (28), whereas the K/DOQI
guidelines recommend AQ >25% (1) (P < 0.11 [28]). As the
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Table 2. Duplex ultrasound measurements of luminal diameters in 94 patients
Luminal Diameters Mean * SEM Median Range
Inflow artery (cm) 0.592 + 0.013% 0.575 0.34 to 1.15
Outflow vein (cm) 0.803 = 0.026 0.745 0.28 to 1.67
Ratio of artery/vein 0.793 = 0.028 0.769 0.32 to 2.29

“Artery versus vein: P < 0.001.
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Figure 2. Distribution of ratios of artery/vein luminal diameters
in 94 patients. Arrows indicate ratios used in mathematical
model. Median = 0.77; low (0.40) and high (1.28) ratios indicate
limits that enclose 95% of patients.

dashed line in Figure 6 shows, AQ will not be >25% until
stenosis is >51, 54, and 71%, for high, median, and low artery/
vein ratios, respectively. By the time the K/DOQI threshold is
reached, Q is on the most rapidly falling portion of the sigmoid
curve, and the curve is steepest for ratios that are below the
median.

Krivitski and Gantela (29) used Poiseuille’s law to analyze
graft hemodynamics. Poiseuille’s law assumes fully developed
laminar flow in a rigid straight tube of constant diameter, and
none of these assumptions is satisfied in the graft. Also, their
model assigned the large inflow artery resistance to the arterial
anastomosis. Nevertheless, Krivitski and Gantela’s (29) analysis
provides a useful preliminary approximation. Our model is
based on an application of rigorous pressure-flow equations
from the engineering literature that have been refined and
validated by an in vitro model (16,17). This study is the first of

which we are aware to have applied these equations collec-
tively in the context of the hemodialysis access.

It is important to confirm the model with data from patients.
In a multiple regression analysis, we found that Q correlated
with four variables from the model: the sum of largest stenoses
from each circuit segment, artery and vein diameters, and MAP
(all P < 0.005). The multiple correlation coefficient (R) was
0.689, indicating that approximately 50% of Q variation be-
tween patients was due to the relation between Q and these
four variables (R* = 0.48). As predicted by the model, narrower
diameters were associated with lower Q. This analysis does not
take into account a number of factors that affect Q, such as
specific geometries of access circuit, lengths of stenoses, lumi-
nal irregularities, and minor stenoses. Considering these limi-
tations, this provides strong clinical confirmation for the model.

As further confirmation, Sullivan et al. (30) measured pres-
sures in the graft circuits of 83 patients and correlated these
with stenoses that were measured by angiography (Figure 7). It
is notable that pressures in the model with no stenosis (Figure
3) are similar to pressures in patients with low-grade (=40%)
stenosis (which should have a minimal effect on pressures). The
model predicts that for no stenosis, pressure falls to 51% of
initial value by the time the arterial limb of the graft is reached
(Figure 3), whereas in patients with low-grade stenosis, pres-
sure fell slightly more to 45% of initial value (Figure 7). There-
fore, the model agrees remarkably well with patient data. This
comparison also suggests that, as in our patients, patients in the
study of Sullivan et al. (30) had arteries that generally were
narrower than veins. Comparison of the model with data from
patients who had high-grade stenosis at the venous anastomo-
sis (>40%; Figure 7) is problematic because patients had addi-
tional stenoses at other locations, which would alter pressures
throughout the circuit. With this caution in mind, the predic-
tions in Figure 3 seem to be consistent with patients with
high-grade stenosis in Figure 7.

Table 3. Hypothetical luminal diameters and luminal diameter ratios used in the mathematical model®

Type of Artery/
Vein Ratio

Inflow Artery
Diameter (cm)

Outflow Vein

Value of Artery/
Diameter (cm)

Vein Ratio

Low ratio 0.400
Median ratio 0.575
High ratio 0.950

1.000 0.40
0.745 0.77
0.745 1.28

?Artery and vein luminal diameters were selected so that artery/vein ratios were median and lower and upper limits that

enclose 95% of patients in Figure 2.
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Figure 3. Predicted pressure along segments of graft vascular
circuit at different levels of stenosis. Conditions: median ratio
of artery/vein diameters, initial pressure (MAP) = 93 mmHg,
CVP = 5 mmHg, hematocrit (Hct) = 36%. MAP of 93 mmHg is
equivalent to 120/80 mmHg.

This study confirms the clinical observation that MAP has a
large effect on Q and underscores the importance of avoiding
hypotension in preventing thrombosis. It often has been pro-
posed that Q should be normalized for MAP (Q/MAP) or
systolic pressure so as to offset the effect of hemodynamic
changes on Q (31-33). This adjustment assumes that a change in
MAP causes a proportionally equal change in Q. However, this
adjustment impairs the accuracy of Q in predicting thrombosis
(10), and the model explains why. It predicts that doubling
MAP will increase Q by only 50%, so Q/MAP is an overcor-
rection. In any case, it is unclear whether adjusting Q for MAP
is helpful because a reduction in MAP is itself an independent
risk factor for thrombosis, probably because it lowers Q (34).

In contrast to MAP, Hct has a small effect on Q. Because vis-
cosity increases with Hct, one might expect that a rise in Hct

MAP {mm Hg)
2500 140
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Figure 4. Predicted relation between graft blood flow (Q) and
stenosis at different levels of MAP (CVP = 5 mmHg, Hct =
36%). Discontinuities represent transition from turbulent to
laminar entry flow in artery as stenosis causes Q to fall (see
Materials and Methods).
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Figure 5. Model predicts that artery and vein diameters control
relation between Q and stenosis (MAP = 93 mmHg, CVP =5
mmHg, Hct = 36%). Q falls as the artery becomes narrower
(lower artery/vein diameter ratios).

would increase resistance to flow and cause a reduction in Q (16).
The effect of viscosity on Q is greatest in laminar flow. However,
the model has turbulent flow in the graft and the vein, and
laminar entry flow or turbulent flow in the artery. Therefore,
turbulent flow dominates the model, which does not favor a
strong effect for Het. The model is consistent with the observation
that increases in Het during dialysis do not affect Q (35).
Finally, we should note that in applying the model, we
assumed that the inflow artery and the outflow vein have an
equal length of 40 cm; these lengths most closely approximate
a forearm loop graft. Nevertheless, the importance of luminal
diameters applies generally. For example, although an arm
loop graft has shorter arteries and veins (which minimizes the
influence of the relatively narrow vessels in the arm), a straight
graft has a longer artery than vein (which enhances the influ-
ence of the narrower artery). Moreover, note that the most
common access of patients in Table 1 was the straight graft.
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Figure 6. As artery becomes narrower (lower artery/vein ra-
tios), sigmoid curve shifts to the right (MAP = 93 mmHg,
CVP = 5 mmHg, Hct = 36%). This promotes delay and then
rapid reduction in Q. Values below dashed line represent de-
crease in Q of >25% (Kidney Disease Outcomes Quality Initia-
tive referral threshold [1]).
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Figure 7. Pressure along segments of graft vascular circuit in
patients with low-grade stenosis (any location) and high-
grade stenosis (at venous anastomosis). Adapted from refer-
ence (30) with permission of the Radiological Society of
North America.

Conclusion

The model predicts that a significant decrease in Q does not
occur until stenosis is well advanced. Then, assuming stenosis
progresses at a constant rate, Q falls so rapidly that there may
be insufficient time to detect the decrease before thrombosis
occurs. These results question the viability of Q surveillance as
currently practiced on a monthly schedule. Outcomes might be
improved by measuring Q more frequently so that there is no
delay in discovering that Q has decreased. However, measure-
ment every 2 wk has not improved prediction of thrombosis
(36). Rates of stenosis progression provide an additional clue to
the necessary frequency: we have found that in grafts that
thrombose, percentage of stenosis increases at a mean rate of
26%/mo (37). These considerations suggest that measurements
might need to be made at least weekly. Another important
issue is that the influence of luminal diameters on Q addresses
only one potential contributor to the poor results of surveil-
lance. For example, it does not address whether preemptive
angioplasty is an effective treatment once Q surveillance has
identified stenosis (14). It is possible that even if measurements
were done more frequently, outcomes might not be improved.
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