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Purpose: The goal of this study was to evaluate the effect of vascular compliance, resistance, and 
pulse rate on the resistive index (RI) by using an electrical circuit model to simulate renal blood 
flow.
Methods: In order to analyze the renal arterial Doppler waveform, we modeled the renal blood-
flow circuit with an equivalent simple electrical circuit containing resistance, inductance, and 
capacitance. The relationships among the impedance, resistance, and compliance of the circuit 
were derived from well-known equations, including Kirchhoff’s current law for alternating current 
circuits. Simulated velocity-time profiles for pulsatile flow were generated using Mathematica 
(Wolfram Research) and the influence of resistance, compliance, and pulse rate on waveforms 
and the RI was evaluated.
Results: Resistance and compliance were found to alter the waveforms independently. The 
impedance of the circuit increased with increasing proximal compliance, proximal resistance, and 
distal resistance. The impedance decreased with increasing distal compliance. The RI of the circuit 
decreased with increasing proximal compliance and resistance. The RI increased with increasing 
distal compliance and resistance. No positive correlation between impedance and the RI was 
found. Pulse rate was found to be an extrinsic factor that also influenced the RI.
Conclusion: This simulation study using an electrical circuit model led to a better understanding 
of the renal arterial Doppler waveform and the RI, which may be useful for interpreting Doppler 
findings in various clinical settings.
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Introduction

The resistive index (RI), pulsatility index, systolic/diastolic ratio, peak systolic velocity (PSV), 
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acceleration time, acceleration index, and other parameters are used 
to quantitatively analyze the characteristics of Doppler waveforms 
of renal blood flow. Of these parameters, the RI is most commonly 
used clinically. Since consistent RI values are obtained regardless 
of the Doppler incident angle, the RI is suitable for examining the 
renal artery with an irregular direction of blood flow. The RI has 
been recognized as a useful parameter in several renal disorders, 
including acute tubular necrosis, obstructive or medical nephropathy, 
hepatorenal syndrome, renal cell carcinoma in patients with end 
stage renal disease, and others [1-7]. The RI was previously 
regarded as a specific indicator for evaluating the hemodynamics 
of transplanted kidneys. Many reports have found the RI to be a 
valuable Doppler parameter for the assessment of renal transplant 
dysfunction [8-11]. However, several studies have found that the RI 
lacks specificity in the evaluation of renal transplants [12-14]. Many 
researchers have agreed that RI values from Doppler examinations 
obtained at different times may provide useful information for 
monitoring the progress of an allograft, evaluating therapeutic 
efficacy, and detecting subclinical atherosclerotic damage in the 
cardiovascular system of transplant recipients [10,12,15]. It seems 
that the interpretation of the RI in renal Doppler studies is more 
complex than originally thought. Most previous studies hypothesized 
that the RI reflects changes in renal arterial resistance that occur 
over the course of renal disease, and some studies considered the 
RI and renal arterial resistance to be equivalent concepts [16-18]. 
However, despite the verification of its clinical utility, an insufficient 
understanding exists regarding changes in RI values, and basic 
research explaining the fundamental characteristics of RI is lacking.

Many animal experiments and studies using a blood flow 
phantom have proposed that vascular RI not only reflects resistance 
to blood flow, but also is affected by several other factors, including 
vascular compliance [19-21]. Since blood flow circuits are in many 
ways similar to electrical circuits, the components of a blood flow 
circuit (vascular resistance, inductance, and compliance) can be 
considered equivalent to the components of an electrical circuit 
(resistance, inductance, and capacitance) [22]. Using this analogy, 

useful information can be expressed by modeling blood flow in 
the cardiovascular system as an electrical circuit, using equations 
for electrical circuits. Simulations of this type allow a range of 
variables to be defined precisely, in contrast to animal tests or 
studies using other techniques to model blood flow. Through this 
process, a detailed and comprehensive analysis of the RI is possible, 
incorporating associations between the RI and variables affecting 
the RI, as well as the interactions among these variables. This 
study aimed to investigate the effect of factors such as vascular 
compliance and resistance on the RI based on an electrical circuit 
simulation model.

Materials and Methods

We used a model of the renal blood flow circuit containing vascular 
resistance, inductance, and compliance, equivalent to an electrical 
circuit containing resistance, inductance, and capacitance [22]. This 
electrical circuit model simulated renal blood flow. We simulated a 
resistor-capacitor circuit, simplifying the circuit to have resistance 
and capacitance only, based on the hypothesis that a blood flow 
circuit is not influenced by inductance, which is a property of a 
conductor (typically a conducting coil) in which electromotive force 
is produced by electromagnetic induction (Fig. 1). Based on this 
model and by using well-known equations for electrical circuits, 
blood flow velocity (f) at the sampling site of Doppler sonography 
can be expressed as the inverse of the total impedance, which is the 
vector sum of electrical resistance.

f/Pin=1/Z            (f, flow velocity; Pin, input pressure; Z, impedance)

According to Kirchhoff’s laws for an alternating current circuit, the 
following three equations are obtained [23].

Pin-Pout= fR+f1 R1+f2 R2	

C1 d(Pin-R1f1)/dt=f1-f	

C2 d(R2 f2+Pout)/dt=f-f2	

When these equations are solved, impedance can be expressed as 
a function of resistance and compliance as follows:

Fig. 1. The simulated electrical circuit 
model of the renal blood-flow circuit. R1, 
proximal resistance; R2, distal resistance; f1, 
proximal flow rate; f2, distal flow rate; C1, 
proximal compliance; C2, distal compliance; 
Pin, input pressure; Pout, output pressure; R 
and f, the resistance and flow rate at the 
measurement point, respectively.

	 R1	 R	 R2

Pin	 f1	 f	 f2	 Pout

C1	                  C2
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In the above equation, ω denotes the frequency of Pin, and R is 
the resistance at the measuring point of f. R is expected to be a very 
small value. Impedance was graphed along with the resistance and 
compliance of the proximal and distal areas by using the above four 
equations in Mathematica (Wolfram Research, Champaign, IL, USA). 
Changes in impedance were simulated in response to changes of 
the variables that affect blood flow.

Arterial flow results in waveforms showing the difference 
between the systolic and diastolic pressures. In order to simulate 
renal arterial blood flow in an in vivo cardiac cycle, the pulse rate 
was set at 1 Hz (60 beats per minute) with a 50% systolic and a 
50% diastolic component, the maximum pressure was set at 50 
mm Hg, and the diastolic pressure was set at 0 mm Hg (Fig. 2). 
Several types of waveforms reflecting changes in the proximal 
and distal values of resistance and compliance were drawn using 
Mathematica. Subsequently, the influence of these factors on flow 
velocity and the RI was evaluated according to changes in each 
variable. The RI was obtained using the formula [(PSV-minimum 
diastolic velocity [MDV])/PSV]. The basic standard waveforms are 
presented as a thick line when the regular pulse in Fig. 2 is provided 
with proximal compliance (C1) set to 1.3, distal compliance (C2) 
set to 0.9, proximal resistance (R1) set to 1.0, and distal resistance 
(R2) set to 0.8. These are arbitrarily chosen values that result in 
a waveform similar to renal arterial Doppler waveforms. In order 
to draw Doppler waveforms representing the influence of each 

component, the waveforms resulting from a threefold increase of 
each variable were presented as a thin line and compared with the 
basic waveforms. Nevertheless, non-uniformity may occur depending 
on the degree of hardening of the arteries, since our model implies 
that the proximal and distal compliance values are changed at the 
same ratio as arteriosclerotic changes progress evenly throughout 
the arteries. Basic waveforms were compared with the waveforms 
created when the proximal and distal compliances were increased 
threefold or decreased by one third in order to evaluate the effects 
of atherosclerotic changes. In order to evaluate the impact of pulse 
rate on the RI independently, differences in the basic waveforms 
were evaluated by altering the pulse rate and maintaining a 
consistent magnitude and shape of the pressure ripple. Since a 
reduced blood flow quantity is associated with a decreased heart 
rate, the pressure ripple and resistance must be increased in order 
to maintain a consistent quantity of blood flow. Therefore, the effect 
of changes in the pulse rate on the RI was also examined by altering 
the magnitude of the pressure ripple.

Results

We simulated a simple electrical circuit with resistance and 
capacitance only and graphed the changes in impedance in response 
to changes in different variables using well-known equations for 
electrical circuits (Fig. 3). Based on these graphs, the impedance 
that influences blood flow in the Doppler sampling site, increased 
with increasing proximal compliance, proximal resistance, and distal 
resistance, and decreased with increasing distal compliance (Table 1).

The effects of changes of the proximal and distal resistance and 
compliance values on flow velocity and the RI were evaluated using 
waveforms created in Mathematica. When proximal compliance 
was increased, the PSV decreased and the MDV increased, thereby 
decreasing the RI (Fig. 4A). When distal compliance was increased, 
the PSV increased and the MDV decreased, thereby increasing the 

Table 1. The relationship between variables and impedance/the 
resistive index

Impedance Resistive index

Proximal compliance (C1)↑ ↑ ↓

Proximal resistance (R1) ↑ ↑ ↓

Distal compliance (C2) ↑ ↓ ↑

Distal resistance (R2) ↑ ↑ ↑

↑, an increase; ↓, a decrease.

Z =   [R+R1+R2+ω2C2R2(C1RR1+C1R1R2-C2R2
2)]2+ω2[(R+R21

)(C1R1-C2R2)-C2R2(R1+R2)]
2	

	 1+ω2C2
2R2

2

Fig. 2. Diagram of a pulse wave. The pulse rate was 1 Hz (60 
beats per minute) with a 50% systolic phase component and a 
50% diastolic phase component. The systolic pressure curves show 
a sinusoidal curve with a maximum pressure of 50 mm Hg and a 
diastolic pressure of 0 mm Hg. Pin, input pressure.
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RI (Fig. 4B). When proximal resistance increased, the PSV decreased 
and the MDV remained unchanged, thus decreasing the RI (Fig. 4C). 
Although the PSV decreased as the distal resistance increased, the 
RI increased as the MDV decreased to a greater extent (Fig. 4D). 
When the proximal and distal compliance values were increased 
threefold or decreased by one third, their waveforms were nearly 
the same as the waveforms drawn before the increase or decrease 
(Fig. 5). Uniform changes of compliance throughout the arteries had 
almost no influence on the RI.

When the pulse rate was altered from one beat per second to 
one beat per two seconds and one beat per four seconds, the RI 
increased, since the degree of decrease was greater in the MDV than 
in the PSV (Fig. 6A). The slower the pulse rate, the smaller the blood 

flow amount. Despite changes in the pulse rate, the magnitude of 
the pressure ripple can be altered to maintain a consistent blood 
flow amount. Under these circumstances, the RI also increased 
as the pulse rate declined (Fig. 6B). However, changes in only the 
magnitude of the pressure ripple had no influence on the RI (Fig. 
6C).

Discussion

The circulatory system in the body is in many ways similar to an 
electrical circuit. For this reason, vascular resistance, inductance, 
and compliance can be considered equivalent to the corresponding 
concepts in electrical circuits. Impedance, which is the sum of 

A B

Fig. 3. Graphs of the relationships of impedance with proximal compliance, distal compliance, proximal resistance, and distal resistance. 
The Y-axis represents the impedance. A. With increasing proximal compliance, the impedance increased in a relatively linear manner. B. With 
increasing distal compliance, the impedance decreased like a graph of the reciprocal function. C. With increasing proximal resistance, the 
impedance increased with in a relatively linear manner. D. With increasing distal resistance, the impedance increased and then reached a 
plateau. Z, impedance; C1, proximal compliance; C2, distal compliance; R1, proximal resistance; R2, distal resistance.
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electrical resistance in alternating current circuits, is commonly 
used to understand dynamic changes in vascular flow. Impedance 
represented as the ratio of voltage to the current wave in an 
alternating circuit can replace the notion of resistance, since 
vascular flow with regular heartbeats has similarities to alternating 
current electricity. Although the dictionary definition of impedance 
is very similar to that of resistance, a significant difference is 
that impedance is applied to an alternating circuit with a given 
frequency. Thus, impedance includes the concepts of inductance and 

capacitance which involve resistors in conditions where frequency 
is a relevant parameter, as well as encompassing the concept of 
resistance itself, for which frequency is irrelevant. When an electric 
current flows through a coil of wire, temporarily stored energy 
(magnetic field energy in the case of inductance or electric field 
energy in the case of capacitance) seems to be consumed. Even 
though energy is actually used up in some cases, the accumulated 
energy is typically recycled in an alternating current circuit. Likewise, 
impedance differs according to the frequency caused by alternating 

A B

Fig. 4. The effects of resistance and compliance on the simulated flow waveforms.
A. A thick line indicates the waveform at the following settings: C1, 1.3; C2, 0.9; R1, 1.0; and R2, 0.8. A thin line indicates the waveform 
when the proximal compliance (C1) was increased threefold (3.9). The peak systolic velocity (PSV) decreased and the minimum diastolic 
velocity (MDV) increased. Therefore, the resistive index (RI) decreased when the proximal compliance was increased. B. The thin line indicates 
the waveform when the distal compliance (C2) was increased threefold (2.7). The PSV increased and the MDV decreased. Therefore, the RI 
increased when distal compliance was increased. C. The thin line indicates the waveform when the proximal resistance (R1) was increased 
threefold (3.0). The PSV decreased and the MDV did not change. Therefore, the RI decreased when the proximal resistance was increased. 
D. Thin line indicates the waveform when the distal resistance (R2) was increased threefold (2.4). The PSV decreased and the MDV was 
inverted; therefore, the RI increased when the distal resistance is increased. f, flow velocity; C1, proximal compliance; C2, distal compliance; 
R1, proximal resistance; R2, distal resistance.
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Fig. 5. The effects of simultaneously changing proximal and distal 
compliance on the simulated flow waveform. The waveform is almost 
not changed when the proximal compliance was increased with a 
simultaneous increase of distal compliance of the same magnitude 
(thick line: C1, 1.3; C2, 0.9; R1, 1.0; R2, 0.8; thin line: C1, 3.9; C2, 2.7; 
R1, 1.0; R2, 0.8). f, flow velocity; C1, proximal compliance; C2, distal 
compliance; R1, proximal resistance; R2, distal resistance.Time (sec)
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decreased and the pulse pressure simultaneously increased, the PSV increased and the MDV slightly decreased, meaning that the RI was 
increased. C. The thick line indicates the waveform at a pulse rate of 60 beats per minute; a pulse pressure of 100; C1, 3.9; C2, 0.9; R1, 1.0; 
and R2, 0.8. The thin line indicates the waveform at a pulse pressure of 50 with other variables held constant. As the pulse pressure was 
decreased, the PSV decreased and the MDV decreased to the same degree, meaning that the RI did not change. f, flow velocity; R1, proximal 
resistance; R2, distal resistance; C1, proximal compliance; C2, distal compliance.

A B

C

Fig. 6. The effects of pulse rate and pulse pressure on the 
simulated flow waveforms. 
A. The thick line indicates the waveform at pulse rate of 60 beats 
per minute; a pulse pressure of 100; C1, 3.9; C2, 0.9; R1, 1.0; and 
R2, 0.8. The thin line indicates the waveform at a pulse rate of 30 
beats per minute and the dashed line indicates the waveform at a 
pulse rate of 15 beats per minute. The other variables are same as 
the waveform depicted with the thick line. The peak systolic velocity 
(PSV) slightly decreased and the minimum diastolic velocity (MDV) 
decreased to a greater extent, meaning that the resistive index 
(RI) increased when the pulse rate was decreased. B. The thick line 
indicates the waveform at a pulse rate of 60 beats per minute; a 
pulse pressure of 50; C1, 3.9; C2, 0.9; R1, 1.0; and R2, 0.8. The thin 
line indicates the waveform at a pulse rate of 30 beats per minute 
and a pulse pressure of 100. The other variables are the same as 
in the waveform depicted with the thick line. As the pulse rate was 
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resistors and load. Thus, impedance, which embraces the concepts 
of accumulation and load in addition to power consumption, is a 
more complex version of resistance that is applied to circuits that 
involve frequency. Unlike electrical resistance in a direct current 
circuit, it cannot be concluded that resistance and impedance are 
interchangeable in an alternating circuit current.

Early studies on changes in Doppler waveforms and the RI 
investigated the relationship between the RI and resistance by 
focusing on its relationship with distal resistance [16-18]. However, 
some studies have addressed the roles of both vascular resistance 
and compliance [20,21]. This simulation study, which was conducted 
using an electrical circuit model, was able to determine that changes 
in compliance alter flow waveforms and the RI. Impedance and the 
RI increased inversely in response to changes in proximal or distal 
compliance. Bude and Rubin [20] performed a study using a blood 
flow model and argued that the impedance index is a better metric 
because flow Doppler waveforms are affected by resistance and 
compliance. The present study showed that changes in impedance 
and the RI in response to changes in distal resistance had the same 
directionality. In contrast, impedance changed in the opposite 
direction to the RI when the distal compliance, proximal compliance, 
or proximal resistance was changed. Therefore, expressing the 
impedance index in terms of the RI is inaccurate, since the 
directionality of change in impedance and the RI in response to the 
change of variables involved in blood flow is inconsistent. 

When arterial elasticity decreases due to vascular aging, 
compliance is reduced. However, when the magnitude of the 
pressure ripple and the quantity of blood flow are the same, the 
total resistance remains unchanged. When the proximal and distal 
compliance values were changed at the same ratio, the resulting 
waveforms were nearly the same as the waveforms drawn before 
the change. When compliance is reduced at the same ratio as vascular 
hardening that progresses evenly throughout the arteries, these 
changes in compliance have almost no effect on the RI. However, 
evaluating only the effect of arteriosclerosis on the RI is difficult 
in the actual clinical setting, because it is not always possible to 
exclude the influence of other variables, such as resistance, and 
because hardening can occur unevenly in the arterial wall. For these 
reasons, the effect of arteriosclerosis on the RI is difficult to predict. 
Although Shimizu et al. [24] and Ohta et al. [25] have found that 
the degree of progression of arteriosclerosis is correlated with an 
increase in the renal arterial RI, this outcome does not mean that a 
decrease in vascular compliance induces an increase in the RI. Since 
hemodynamic changes in renal arteries and histological changes 
in the renal parenchyma are commonly associated with each other, 
changes in the RI due to arteriosclerosis or hypertension are not 
only affected by compliance but also changes in other factors, such 

as resistance caused by renal parenchymal damage. 
In addition to resistance and compliance, Doppler waveforms 

are also influenced by cardiac function, the anatomical structure 
of the blood vessels, and other factors. Cardiac functions affecting 
waveforms include systolic and diastolic pressure, systolic and 
diastolic time intervals, pulse pressure, cardiac output, and pulse 
rate. Since these factors are closely associated with each other, 
it is difficult to analyze them independently. Mostbeck et al. [26] 
reported a significant correlation between the RI and heart rate. 
Contrastingly, Kublickas et al. [27] found no association between 
the RI and heart rate. The presence of contradicting results may 
be attributed to the fact that these previous studies involved 
human subjects. Thus, heart rate was not manipulated to an extent 
sufficient to generate a change in the RI. It is also possible that the 
results were affected by other cardiac factors that presumably could 
not be completely excluded. In this simulation study, we were able 
to observe the effect of pulse rate by significantly changing the 
pulse rate and maintaining a consistent cardiac output and pulse 
pressure. The faster the pulse rate, the shorter the diastolic time 
compared to the systolic time. When the pulse rate becomes faster, 
the PSV remains almost the same, while the RI decreases with an 
increase in the MDV, as systole takes place without a sufficient 
period of diastole. Since compensatory physiological responses occur 
to maintain normal blood flow amount and blood pressure as the 
pulse rate becomes slower, the hidden impact of pulse rate changes 
must be taken into consideration. In order to maintain a consistent 
blood flow volume despite changes in heart rate, the magnitude 
of the pressure ripple may change. In our study, the RI increased 
in response to decreases in the pulse rate and the RI increased in 
response to decrease in the pulse rate with simultaneous increase 
in magnitude of the pressure ripple. In contrast, when only the 
magnitude of the pressure ripple was changed with a consistent 
pulse rate, the RI remained the same. Therefore, unlike pulse 
pressure, the pulse rate is an extrinsic factor that also was found to 
influence the RI.

This investigation simulated changes beyond the limitations of 
what is possible in vivo by evaluating the effect of changes in each 
component using a simulated electrical circuit model, and assessed 
the effect of each variable independently by isolating and changing 
interdependent variables. Taking into consideration the fact that in 
vivo vascular flow is more likely than electrical current to be affected 
by many variables, this analysis is limited because only some factors 
were evaluated. This study determined that impedance and RI were 
influenced by both proximal and distal resistance and compliance. 
Nevertheless, a significant difference in the degree of changes in 
vascular resistance and compliance must be accounted for. While 
vascular resistance can range from zero to infinity, the degree of 
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changes in vascular compliance is small, despite the effects of 
arterial hardening, interstitial edema in the distal peripheral region, 
cellular infiltration, and other factors. Thus, it may be anticipated 
that these factors will have impacts of different levels on Doppler 
waveforms and on the RI in vivo.

Summarizing the results of our study, impedance increased with 
increasing proximal compliance, proximal resistance, and distal 
resistance. Impedance decreased with increasing distal compliance. 
The RI of the circuit decreased with increasing proximal compliance 
and resistance, and increased with increasing distal compliance 
and resistance. The impedance changed in the same direction 
as the RI when the distal resistance was changed. However, the 
impedance changed in the opposite direction as the RI when the 
distal compliance, proximal compliance, or proximal resistance was 
changed. Hence, the changes in RI were not concordant with the 
changes in impedance in some circumstances. In the absence of 
changes in intrinsic factors, such as compliance or resistance, the 
pulse rate can influence the RI as an extrinsic factor. In conclusion, 
this study was able to identify the effect of different variables on 
Doppler waveforms and the RI using an electrical circuit model, and 
the findings of our study are anticipated to be useful in interpreting 
the changes in Doppler flow waveforms in various clinical settings.
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