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Estimation of Intraglomerular Pressure Using Invasive
Renal Arterial Pressure and Flow Velocity
Measurements in Humans
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ABSTRACT
Background Glomerular hyperfiltration resulting from an elevated intraglomerular pressure (Pglom) is an
important cause of CKD, but there is no feasible method to directly assess Pglom in humans. We devel-
oped a model to estimate Pglom in patients from combined renal arterial pressure and flow
measurements.

MethodsWe performed hemodynamic measurements in 34 patients undergoing renal or cardiac angiog-
raphyunderbaseline conditions andduringhyperemia inducedby intrarenal dopamine infusion (30mg/kg).
For each participant during baseline and hyperemia, we fitted an adapted three-element Windkessel
model that consisted of characteristic impedance, compliance, afferent resistance, and Pglom.

Results We successfully analyzed data from 28 (82%) patients. Median age was 58 years (IQR, 52–65),
median eGFR was 95 ml/min per 1.73 m2 (IQR, 74–100) using the CKD-EPI formula, 30% had microalbu-
minuria, and 32% had diabetes. The model showed a mean Pglom of 48.0 mm Hg (SD510.1) at baseline.
Under hyperemia, flow increased by 88% (95% CI, 68% to 111%). This resulted in a 165% (95% CI, 79% to
294%) increase in afferent compliance and a 13.1-mm Hg (95% CI, 10.0 to 16.3) decrease in Pglom. In
multiple linear regression analysis, diabetes (coefficient, 10.1; 95% CI, 5.1 to 15.1), BMI (0.99 per kg/m2;
95%CI, 0.38 to 1.59), and renal perfusion pressure (0.42 permmHg; 95%CI, 0.25 to 0.59)were significantly
positively associated with baseline Pglom.

Conclusions We constructed a model on the basis of proximal renal arterial pressure and flow velocity
measurements that provides an overall estimate of glomerular pressure and afferent and efferent resis-
tance in humans. Themodel provides a novel research technique to evaluate the hemodynamics of CKDon
the basis of direct pressure and flow measurements.

Clinical Trial registry name and registration number Functional HEmodynamics in patients with and
without Renal Artery stenosis (HERA), NL40795.018.12 at the Dutch national trial registry
(toetsingonline.nl).

JASN 31: 1905–1914, 2020. doi: https://doi.org/10.1681/ASN.2019121272

The development of CKD and its progression to
ESKD remain a major source of reduced quality
of life and significant mortality.1 Glomerular hy-
perfiltration resulting from an elevated intraglo-
merular pressure (Pglom) is an important factor
in the pathogenesis of CKD and hypertension-
mediated kidney damage.2 The importance of hy-
perfiltration is widely accepted in different disease
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states, including diabetic nephropathy, essential hypertension,
and FSGS secondary to early kidney injury.3,4 An increase in
Pglom can be a direct consequence of impaired autoregulation
in patients with hypertension or diabetes, or it can occur along
the common pathway of progressive glomerulosclerosis
toward ESKD.5 Prevention of glomerular hyperfiltration by ad-
equate hypertension control and renin-angiotensin system in-
hibition in patients with diabetes or proteinuria is widely
recommended in current guidelines to prevent progression
of CKD.6,7 Recent studies have shown the renoprotective ef-
fect of SGLT-2 inhibitors, which are likely in part mediated
through alterations of renal hemodynamics.8 Studies using
para-aminohippurate clearance showed in patients with
type 1 diabetes that GFR was reduced as a result of a reduction
in renal plasma flow, whereas in patients with type 2 diabetes,
GFR was reduced because of decreased filtration.9,10 This sug-
gests that SGLT-2 inhibition can alter Pglom, with different
effects depending on patient characteristics. However,
although direct measurements can be obtained in animal
models using micropuncture techniques,11–14 measurement
of absolute Pglom in humans is not feasible. Until now, only
the Gomez equations have been used for estimation of Pglom
in humans on the basis of measures of GFR, which only yield
estimates relative to an assumed average Pglom of
60 mm Hg.15

Direct assessment of renal hemodynamics using combined
intrarenal pressure and flow velocity measurements may pro-
vide further insight in renal pathophysiology and serve as a
benchmark for future noninvasive diagnostics in patients with
CKD.16,17 Recently, we have shown that measurement of in-
trarenal hyperemic flow velocity during dopamine-induced
hyperemia is feasible and reproducible.18 The renal circulation
consists of afferent and efferent arteriolar systems, which can
more or less independently influence GFR. Therefore, it is
important to separate afferent from efferent vessels in order
to determine their effect on glomerular filtration and kidney
oxygenation.12 In animal models of the renal circulation, renal
flow is usually measured in steady state under varying perfu-
sion pressure.19 Because it is difficult to directly change renal
perfusion pressure during measurements in humans without
invoking autoregulatory mechanisms, we developed a model
describing instantaneous renal pressure and flow using the
dynamics within one heartbeat by combining a three-
element Windkessel model with a pressure offset to model
glomerular pressure. Windkessel models have been widely
used in the systemic and pulmonary circulation: for instance,
to determine systemic and pulmonary arterial compliance,
estimate cardiac output, and more recently, model boundary
conditions in computational fluid dynamics models of pe-
ripheral vascular disease.20–22 We hypothesize that adaptation
of the Windkessel model to the renal circulation enables a
consistent estimation of an absolute value for Pglom.23 This
is on the basis of the assumptions that (1) Pglom is more or
less equal in all nephrons and can thus be described using a
single-nephron model, (2) pressure pulsatility is absent in the

glomerulus, and (3) the Windkessel model gives a valid de-
scription of pulsatile hemodynamics. The aim of this study
was to determine the feasibility of using this adapted Wind-
kessel method to assess renal and glomerular hemodynamics
in a heterogeneous population of patients with and without
renovascular disease by determining Pglom, renal arterial
compliance, and afferent and efferent resistances.

METHODS

Study Design and Participants
We used data of 34 participants from the functional renal
HEmodynamics in patients with and withoutRenal Artery ste-
nosis (HERA) study included between March 2014 and April
2019 with successful hemodynamic measurements. The
HERA study is an observational cohort study performed at
the Amsterdam University Medical Centers (location Aca-
demic Medical Center), for which the methods have been de-
scribed in detail elsewhere.18 In brief, additional intrarenal
pressure and flow velocity measurements were performed in
patients with a clinical indication for coronary or renal angi-
ography. For inclusion, patients had to be between 18 and
75 years old and in a clinically stable condition. Patients
with an acute coronary syndrome within 4 weeks before the
procedure, severe valvular heart disease, or heart failure
(NYHA Class.II) or those having an increased risk for con-
trast nephropathy defined as an eGFR,30ml/min per 1.73m2

using the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) formula were excluded.24 The study design
and protocol were approved by the local ethics committee. The
study has been registered under number NL40795.018.12 at
the national trial registry (toetsingonline.nl). The study was
conducted according to the principles of the Declaration of
Helsinki and in accordance with the Medical Research involv-
ing Human Subjects Act (WMO). All patients were informed
about the study procedures and procedure-related risks and
provided written informed consent before participation. The
data and Matlab implementation of the model that support
the findings of this study are available from the corresponding
author on reasonable request.

Significance Statement

Increased intraglomerular pressure is an important contributor to
the pathogenesis and progression of CKD in patients with hyper-
tension and diabetes. This study used an adapted Windkessel
model to estimate overall renal arterial resistance, arterial compli-
ance, and intraglomerular pressure based on intrarenal pressure
and flow velocity measurements in patients undergoing angiogra-
phy. The mean intraglomerular pressure was consistent with values
in non-human primates. It decreased following hyperemia with ef-
ferent exceeding afferent dilatation and had significant positive
correlation with perfusion pressure and diabetes. The current
model and its derived parameters provide a new research tech-
nique to assess the renal hemodynamic effects of therapeutic
interventions.
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Study Measurements
Study procedures were performed after the elective coronary
or renal procedure by a team of five experienced intervention-
alists. A 5–6 French guiding catheter was advanced from either
radial or femoral access to a renal artery. Patients were ran-
domized betweenmeasurement in the left or right renal artery
if no stenosis was present, using blinded envelopes. Through
angiographic guidance, a 0.014-inch Doppler and pressure
sensor–equipped wire (Combowire; Philips-Volcano, San
Diego, CA) was positioned inside the main renal artery such
that a stable pressure and flow signal were obtained. If neces-
sary, the wire was advanced into the first branch of the renal
artery to obtain a stable signal. In the presence of a stenosis, the
sensor was positioned at least three vessel diameters distally
from the stenosis. The Combowire was used to simultaneously
measure distal pressure and flow velocity, whereas the proximal
pressure was measured using the fluid-filled catheter. BP and
flow velocity measurements were stored digitally at a frequency
of 200Hz using the ComboMap device (Philips-Volcano), after
which offline data analysis was performed using custom writ-
ten software in MATLAB (R2018b; The MathWorks, Inc.). In
each patient, a baseline measurement of at least 1 minute was
performed. Subsequently, hyperemiawas induced by intrarenal
administration of 30mg/kg dopamine, and a measurement of
at least 10 minutes was performed.25 Distal pressure and flow
velocity were used for the Windkessel model. eGFR was es-
timated from plasma creatinine in samples obtained at the
beginning of the catherization procedure using the CKD-EPI
formula.24 Microalbuminuria, defined as a urinary albumin-
creatinine ratio$2.5 mg/mmol for men and$3.5 mg/mmol
for women, was assessed in a urine sample obtained before
hemodynamic measurements.

Data Analyses
The distal pressure and flow velocity signals were filtered using
a Savitzky–Golay filter, which is a low-pass filtering method on
the basis of fitting polynomials to adjacent data points.26 To
account for the processing delay of the Doppler flow velocity
signal, the flow velocity signal was shifted backward by 50
milliseconds, such that the relation between pressure and
flow velocity became linear during the systolic upstroke in
the pressure flow loop.27 Manually, a representative sample
of five to ten consecutive beats of sufficient signal quality
was selected for each subject during baseline and during max-
imal hyperemia. From this selection, an ensemble-averaged
pressure and flow velocity beat was constructed using the se-
lected sample by taking the mean of the beats scaled to a du-
ration of 1 second for further analysis.

We adapted a three-element Windkessel model to the renal
circulation by adding an extra pressure offset variable for
Pglom.21 This model, as described below, was used to estimate
the vascular properties of the renal artery, the Pglom, and the
afferent and efferent resistances. Pglomwas directly compared
between individuals and between conditions. The ratio be-
tween hyperemia and baseline was calculated for the

parameters of interest because flow velocity rather than volu-
metric flow rate was measured. This allows for comparison
between participants because the ratio is not dependent on the
vessel diameter. We verified model consistency by estimating
Pglom using the first harmonic method, which is a commonly
used technique to estimate cerebral critical closing pressure.28

Additionally, we repeated themodel computations for the sec-
ond hyperemic reproducibility measurement in the subset
where recordings of sufficient quality were available. We com-
pared the results from our model with the Gomez equations
on the basis of eGFR, plasma protein, and renal blood flow
from the intrarenal measurements (Supplemental Material).

For deriving the renal Windkessel model, we first assume
that all nephrons are equal in hemodynamic properties. The
renal circulation can then be described by a single-nephron
model consisting of an afferent arteriole, the glomerulus, and
an efferent arteriole (Figure 1, lower panel).29 The afferent
arteriole (Figure 1, upper panel) is modeled by a three-
element Windkessel consisting of a proximal resistance that
models the characteristic impedance of the afferent macro-
vasculature in series with a capacitator modeling compliance
parallel to a resistor modeling the afferent microvascular re-
sistance.21 Next, we assume that the Pglom is constant during
one heartbeat and that venous pressure is zero. The efferent
resistance of themodel is defined as the combined resistance of
the efferent arteriole and peritubular capillary resistance. We
denote by P

~
and F

~
the discrete Fourier transforms of pressure

and flow velocity, respectively, and with k5 0; 1; 2; . . ., we de-
note the frequency of the corresponding harmonic in Hertz.
The measured impedance is given by30

ZðkÞ5 P
~ðkÞ
F
~ðkÞ

:

The impedance is modeled by

ZWkðkÞ5 Ra 2Zc

11 i z2pzkzðRa 2ZCÞzCT
1Zc;

where i is the complex unit. Fitted model parameters are Pglom
in millimeters of mm Hg, the characteristic impedance Zc in
mm Hg per (centimeters per second), and the compliance CT

in centimeters per mm Hg, where impedance and compliance
are defined using flow velocity. The Windkessel parameters
are estimated by least square minimization of the modeled
and measured flow beats:

«
�
Pglom; Zc; CT

�
5 ∑

t5 0;::;0:5

�
f

�
P
~ðkÞ2 P

~
glomðkÞ

ZWKðkÞ
�
ðtÞ2 FðtÞ

�2
;

where f denotes the inverse Fourier transform, P;
glom 0ð Þ5 Pglom;

and P;
glom kð Þ5 0 for k5 1; 2; . . .. Only the first 0.5 seconds

were used for minimization because the signal-noise ratio in
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the flow signal was relatively low during diastole. Adequacy
of fit was checked by visually comparing the shape of the
modeled impedance ZWkðkÞ with the measured impedance
ZðkÞ: Samples where the measured or fitted impedance
did not have the convex downward slope as depicted in
Figure 2 were excluded. The afferent resistance Ra and the
efferent resistance Re could then be computed from the
fitted Pglom:

Ra 5
P; 0ð Þ-Pglom

F; 0ð Þ and Re 5
Pglom-0

F; 0ð Þ :

Statistical Analyses
Baseline characteristics were depicted using mean or median
with SD or interquartile range (IQR), respectively. Baseline
and hyperemic parameters were compared using t tests. Ratios
were log transformed before analysis and given as geometric
mean and SD. The primary outcome of the model was the
estimated Pglom at baseline and hyperemia. We performed
univariate regression analyses to identify relevant clinical cor-
relates with baseline Pglom, including age, sex, body mass in-
dex (BMI), eGFR, presence of microalbuminuria, history of
diabetes, use of angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers, and renal perfusion pressure.
Using backward selection on the basis of the Akaike information
criterion, we derived amultiple linear regressionmodel for base-
line Pglom. The same covariates were used in the regression
model for hyperemic Pglom. The intraclass correlation coeffi-
cient and a Bland–Altman analysis were used to compare the
estimated Pglom using the Windkessel method with the first
harmonic method. All statistical analyses were conducted with
R version 3.6.1 (R Foundation, Vienna, Austria). The figures
were created using R, Matlab, and Graphpad version 8.3.0.

RESULTS

We used data of 34 patients (68% men) for this analysis.
Median age was 58 years (IQR, 52–65), median eGFR was
95 ml/min per 1.73 m2 (IQR, 74–100), and 30% had micro-
albuminuria. Twenty-three (68%) patients had a history of
cardiovascular disease, whereas 11 (32%) patients had diabe-
tes, and 4 (12%) had a renal artery stenosis. Twenty-six (76%)
patients used BP-lowering medication, and 21 (62%) used an
angiotensin-converting enzyme inhibitor or angiotensin re-
ceptor blocker. An example of a successful fit of the Wind-
kessel model is given in Figure 2. Of the 34 recordings that
were analyzed, an adequate fit could not be obtained in six
patients on the basis of visual inspection because of a low
signal-noise ratio in the flow velocity measurements. There
were no relevant differences in patient characteristics between
participants with a successful fit and those without, and these
six individuals were excluded from the analysis. An overview
of the baseline characteristics is given in Table 1.

Comparison of Baseline versus Hyperemia
The results of the Windkessel model during baseline and hy-
peremia are depicted in Table 2. During hyperemia, renal
blood flow increased by 88% (95% confidence interval [95%
CI], 68% to 111%). At baseline, the estimated Pglom was 48.0
(SD510.1) mmHg, which declined to 34.9 (SD58.7) mmHg
during hyperemia (difference of 13.1 mmHg; 95% CI, 10.0 to
16.3; P,0.001). In patients with renal artery stenosis, similar
results were observed with a mean Pglom of 48.0 mm Hg
(SD57.8) during baseline and 34.7 mm Hg (SD56.3) during
hyperemia. Afferent resistance decreased by 43% (95% CI,
35% to 51%; P,0.001) during hyperemia, whereas efferent
resistance decreased by 62% (95%CI, 55% to 67%; P,0.001).
The comparison between the second and first hyperemicmea-
surements showed similar values of Pglom, with a mean dif-
ference of 1.4mmHg (95%CI,29.6 to 12.4). The comparison
between the renal Windkessel method and the first harmonic
method gave for the latter on average a 5.1-mm Hg lower
(95% CI, 213.0 to 2.8 mm Hg) Pglom compared with the
Windkessel method. A Bland–Altman analysis, shown in
Supplemental Figure 1, shows no additional proportional
bias and overall good agreement of Pglom with an intraclass
correlation coefficient of 0.94 (P,0.001). We found no cor-
relation between Pglom estimated using the Gomez equations
and the Windkessel model (r520.24; 95% CI,20.75 to 0.46)
(Supplemental Material, Supplemental Figure 2).

Regression Analyses
The results for the univariate and multiple regression analyses
for baseline Pglom are given in Supplemental Table 1. In uni-
variate analysis, Pglom was significantly associated with
perfusion pressure (r50.51; P50.006) and the presence of
diabetes (r50.49, P50.008); additionally, there was a trend with
BMI (r50.31; P50.10). On the basis of the stepwise backward
regression, we included only diabetes, glomerular pressure,
and BMI in the multiple linear regression model. Figure 3
shows the distribution of Pglom in patients with diabetes com-
pared with patient without diabetes. In the multiple regression
model, diabetic patients had a 10.1-mm Hg higher Pglom
(95% CI, 5.1 to 15.1; P,0.001), which decreased to a 4.2-mm
Hg difference during hyperemia (95% CI, 21.9 to 10.4;
P50.17). A 1-mm Hg increase in perfusion pressure was asso-
ciated with a 0.42-mm Hg increase in Pglom (95% CI, 0.25 to
0.60; P,0.001). This relation disappeared during hyperemia
(slope, 0.16; 95% CI, 20.06 to 0.37; P50.15). BMI was signif-
icantly associated with Pglom, with regression coefficients of
0.99 per 1-kg/m2 increase in BMI (95% CI, 0.38 to 1.59;
P50.003) during baseline and 1.04 (95% CI, 0.30 to 1.78;
P50.008) during hyperemia.

DISCUSSION

In this study, we introduced an adapted version of the three-
element Windkessel model to estimate Pglom and renal
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afferent and efferent resistance and compliance. The fitted
parameters derived from the model allowed estimation
of Pglom, afferent and efferent resistances, and renal artery
compliance in a heterogeneous population of patients with a
clinical indication for renal or coronary angiography. In ac-
cordance with present knowledge, we found that patients with
an increased perfusion pressure and patients with a history of
diabetes had significantly higher estimates of Pglom.4 How-
ever, there was significant heterogeneity in estimated Pglom in
both participants with and without diabetes, suggesting the
possibility of identifying groups with and without adequate
autoregulation on the basis of a lower or elevated Pglom. This
is comparable with results showing an impaired renal autor-
egulation in different animal models of CKD.12

In this study, Pglom was on average 48 mm Hg. In animal
models, glomerular pressure can be measured indirectly using
stop-flow techniques or directly by micropuncture of neph-
rons; the work by Denton and Anderson31 has an overview of
the available data.32 Micropuncture techniques provide a true,
direct measurement of Pglom, but are limited to species with
superficial nephrons, such as rats (48–56 mm Hg), squirrel
monkeys (48.5 mm Hg), and rabbits (31–35 mm Hg).31,33,34

In these models, the glomerular pressure relative to systemic
pressure was between 45% and 50%, similar to the value
(46%) in this study. In humans, measurements of glomerular

filtration and filtration fraction are possible using tracers such
as 125I-iothalamate or inulin. However, this only allows assess-
ment of whole-kidney hyperfiltration. To illustrate, a recent
biopsy study of Denic et al.35 in healthy kidney donors with
normal renal function showed that glomerulosclerosis was
associated with a higher single-nephron GFR but not with
total GFR. Finally, it is possible to obtain an estimated Pglom
using the Gomez equations as reviewed by Bjornstad et al.23

These start from the assumption that normal glomerular pres-
sure is 60 mm Hg and can therefore only provide a relative
estimate.15 Amajor determinant in the Gomez equations is the
gross filtration coefficient (i.e., the number of milliliters per
minute ultrafiltrate for each 1 mm Hg pressure), which is de-
pendent on the structural aspects of the renal parenchyma. In
applications of the Gomez equations, commonly a single fitted
population average for this parameter without individual cor-
rections for BP and kidney mass is used, which can affect the
gross filtration coefficient. This makes the Gomez equations
more suitable for determining changes after an intervention or
to assess clinical correlates in a homogenous cohort.23,36 This
can be improved by determining an individual gross filtration
coefficient using sieving studies with a tracer such as dextran.
In our analysis, we found no correlation between the Gomez
equations and the Windkessel method, which can be attrib-
uted to the heterogeneity of our cohort, the use of an average

P

Ra

Zc
Ca

0

Pglom

PglomAfferent arteriole Efferent arteriole

Ra-Zc

Re
Renal artery

Renal vein

P

Windkessel model for renal
arterial compliance and
glomerular pressure

Single nephron model for
mean pressure and flow

Figure 1. Schematic representation of the renal Windkessel model used to estimate glomerular pressure. The upper panel depicts the
Windkessel model, which is fitted to match the relation between pressure and flow in the afferent arteriole. The lower panel depicts the
Windkessel embedded in the single-nephron model for the estimation of the efferent resistance Re. After the estimation of Ra and Pglom using

the Windkessel model, Re can be derived by Re 5
Pglom 2 0

F
~ð0Þ

. P is the pressure inside the main renal artery, Zc is the characteristic impedance of the

proximal renal artery, Ca is the renal artery compliance, Ra is the afferent resistance, and Re is the efferent resistance.
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gross filtration coefficient, and the use of eGFR to estimate
renal function. Our model gives a direct estimate of average
glomerular pressure within a single kidney. This could be used
in research to identify participants with hyperfiltration be-
cause an elevated glomerular pressure likely reflects increased
single-nephron perfusion pressure and filtration.

We induced hyperemia using dopamine, which has a direct
vasodilatory effect on both the afferent and efferent arteri-
oles.37,38 Our results show that intrarenal administration of
30 mg/kg dopamine induces an 88% increase in renal blood
flow; this leads to a 43% decrease in afferent resistance and a
more profound decrease of 62% in efferent resistance, causing
Pglom to fall. Earlier studies in a dog model and the dose-
response study by Manoharan et al.39 have shown that this
leads to maximal renal vasodilation, with few systemic ef-
fects.40 This could explain the decrease in glomerular pressure
after intrarenal dopamine. In contrast, systemic administra-
tion of dopamine leads to a lower increase in renal blood flow,
with a large increase in systemic BP. In healthy volunteers, a
systemic dose of 1.5–2.0 mg/kg has been shown to yield in-
creased renal blood flow and GFR but reduced filtration frac-
tion. This suggests that dopamine has a relatively stronger
dilatory effect on efferent arterioles in humans.41,42 We found
a large dispersion in the hyperemic response to dopamine,
both in incremental flow velocity and in arterial compliance
and impedance, but Pglom decreased to a similar extent in all
participants. Because the resulting Pglom was not dependent
on perfusion pressure, this suggests that maximal vasodilation
of the efferent arteriole was reached, resulting in lowering of
Pglom close to the minimal required pressure for glomerular

ultrafiltration. Our own results showed that a second dosage of
dopamine leads to the same reproducible maximal flow veloc-
ity evenwhen the washout of the first dosage is not complete.18

In line, repeated intrarenal administration of dopamine resul-
ted in a similar decrease in Pglom. Comparable with findings
in animal models and human studies, we found that increases
in Pglom were associated with an increase in perfusion pres-
sure, presence of diabetes, and BMI. Animal models have
shown that spontaneously hypertensive rats have a higher
Pglom, whereas estimates in humans on the basis of the Go-
mez equations showed a comparable relation between mean
arterial pressure and estimated Pglom pressure in patients
with renovascular hypertension.14,36 The observed association
between Pglom and diabetes corresponds with previous find-
ings in a rat model of type 2 diabetes and a review of patient
studies demonstrating an Pglom of 60 mmHg in patients with
type 2 diabetes relative to 52 mm Hg in controls using the
Gomez equations.23,43 Similarly, the correlation between
Pglom and BMI is comparable with other findings describing
the relation with glomerular hyperfiltration and obesity.2

The limitation is that the obtained results are dependent on
the validity of the model. The model is on the basis of the
assumption that all glomeruli are functionally equal, resulting
in one averaged Pglom. Animal models have shown that
single-nephron glomerular filtration differs between cortical
and medullary nephrons.44 In addition, there could be re-
gional differences between poles of the kidney. The derived
variables are estimated for the whole kidney and thus, are
likely not the same as the directly measured single-nephron
values in animal models. Because we detected significant
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associations with diabetes and BP in a relatively small and
heterogeneous population, we consider the kidney-averaged
values sensitive enough for making clinically relevant distinc-
tions.We used the average of five to ten beats for the analysis to
reduce measurement error in the pressure and flow signal and
to account for changes in the flow signal resulting from
respiratory-induced wire movements. Therefore, at present
it is not possible to assess renal autoregulatory responses on
a fast timescale using this technique. The model used only the
data in the systole to enable estimation of Pglom in partici-
pants with a suboptimal flow signal during diastole; however,
results were similar when applied to the complete heartbeat in
participants with an optimal flow signal (data not shown).
Additionally, although an advantage of the Windkessel
method is that it was able to model the complex pulsatile
pressure-flow relations in the renal artery, the inability tomea-
sure pressure or flow in or distal to the glomerulus required us
to assume that pressure distal from the glomerulus was

constant. Multiple animal models have
described the hydrostatic pressure pro-
file along the different parts of the renal
circulation from proximal to distal,45 but
there is a paucity of data on themorphol-
ogy of the pulse wave. Studies in rat and
dog models showed a similar but less
pronounced pulsatile pattern in the glo-
merular capillary compared with the
renal or femoral artery, whereas the pul-
satility was completely absent distally
from the glomerulus in the efferent
arteriole.13,46 This would imply that the
pulsatility of the arterial pressure is lost
between the glomerulus and the efferent
arteriole; therefore, the modeled Pglom
could have underestimated true glo-
merular pressure. We believe that this
difference is small and similar in all par-
ticipants and that the modeled Pglom
resembles the actual pressure. This
should ideally be verified by direct com-
parison. The same assumption is used in

the hydrologic model by Rothe and Nash47 to estimate renal
arterial compliance in a dog model using an analog computer
program. The efferent resistance in the model reflects the com-
bined net resistance of the efferent arterioles and peritubular
capillaries because measurement data to differentiate these
components were not available. This does not affect the glo-
merular pressure or afferent resistance. The estimated Pglom in
our model of the renal circulation is somewhat similar to the
extrapolated critical closing pressure in the cerebral circula-
tion, the differences being that the renal critical closing
pressure is the pressure point necessary for glomerular ultra-
filtration and that the cerebral closing pressure is the minimal
pressure level for perfusion. However, in both cases, this is
modeled as a pressure offset, which describes theminimal pres-
sure to generate flow. To test model validity, we therefore also
obtained an estimated Pglom by the first harmonic method
used for estimating critical closing pressure in the cerebral
circulation using mean pressure, mean flow, and the resistance

Table 1. Baseline characteristics of the patients included in this analysis

Characteristics Successful Fit No Successful Fit

n 28 6
Age 59.0 [52.8–64.2] 53.5 [50.5–65.5]
Men, n (%) 21 (75.0) 2 (33.3)
BMI, mean (SD) 26.6 (4.1) 29.4 (4.9)
Office systolic BP, mm Hg, median [IQR] 138.5 [125.0–152.2] 155.5 [142.8–164.5]
Office diastolic BP, mm Hg, median [IQR] 74.0 [68.8–91.2] 82.5 [79.0–83.0]
History of diabetes, n (%) 10 (35.7) 1 (16.7)
History of cardiovascular disease, n (%) 19 (67.9) 4 (66.7)
History of smoking, n (%) 15 (53.6) 4 (66.7)
Plasma creatinine, mmol/L, median [IQR] 77.0 [67.8–94.5] 78.0 [68.8–85.8]
eGFR, ml/min per 1.73 m2, median [IQR] 94.6 [74.4–98.6] 87.2 [63.9–100.0]
Plasma total cholesterol, mmol/L, mean (SD) 4.0 (0.9) 3.7 (0.7)
Plasma total LDL, mmol/L, mean (SD) 2.4 (0.7) 2.0 (0.5)
Microalbuminuria, n (%) 6 (26.1) 2 (50.0)
Use of ACE inhibitors or ARBs, n (%) 15 (53.6) 6 (100.0)
Use of antihypertensive medication, n (%) 20 (71.4) 6 (100.0)
RFR, median [IQR] 1.9 [1.6–2.6] 1.7 [1.6–1.9]
Renal artery stenosis, n (%) 3 (10.7) 1 (16.7)

RFR is defined as the hyperemic mean flow velocity divided by the baseline mean flow velocity. Data
on albuminuria were available for 27 patients. ACE, angiotensin-converting enzyme; ARB, angiotensin
receptor blocker; RFR, renal flow reserve.

Table 2. Results of hemodynamic measurements and fitted Windkessel parameters: baseline versus hyperemia

Parameter
Baseline,
Mean

SD
Hyperemia,

Mean
SD

Differencea/
Ratiob L95 U95

P

Value

Mean renal perfusion pressure, mm Hg 104.0 14.3 95.7 14.9 28.3a 211.6 25.0 ,0.001
Flow velocity, cm/s 33.8 12.4 64.3 25.5 1.88b 1.68 2.11 ,0.001
Glomerular pressure, mm Hg 48.0 10.1 34.9 8.7 213.1a 216.3 210.0 ,0.001
Afferent resistance, mm Hg/(cm/s) 1.86 0.75 1.07 0.50 0.57b 0.49 0.65 ,0.001
Efferent resistance, mm Hg/(cm/s) 1.63 0.72 0.65 0.33 0.38b 0.32 0.44 ,0.001
Characteristic impedance, mmHg/(cm/s) 0.76 0.47 0.54 0.21 0.80b 0.64 1.01 0.07
Compliance, cm/mm Hg 0.089 0.075 0.215 0.117 2.66b 1.79 3.94 ,0.001

L95, lower number of the 95% confidence interval; U95, upper number of the 95% confidence interval.
aDenotes difference.
bDenotes ratio, for which geometric mean and SD are given.
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determined from the first harmonics. This showed a good
agreement apart from a systematic bias.28 However, the
Windkessel method utilizes all harmonics of the signal,
which additionally allows estimation of compliance and im-
pedance. These have been used widely in the systemic and
pulmonary circulation as measures of arterial stiffness and
could thus be applied to the renal circulation to determine
the effect of pulsatile flow.20,48

In conclusion, we constructed a three-element renal
Windkessel model that enables estimation of renal microvas-
cular properties from invasively obtained intrarenal pressure
and flow measurements. The comparable values of estimated
Pglom with results obtained in animal models, the observed
effects of dopamine on renal afferent and efferent resistance,
and the obtained associations of intraglomerular with known
clinical parameters support the usefulness of our model. In
further research, it could be applied to assess the specific ef-
fects of different physiologic interventions and pharmaco-
logic agents on renal hemodynamics in humans and may
help us to better understand the renal hemodynamic conse-
quences of CKD in patients receiving a percutaneous cardiac
or renal intervention.
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Supplement 1: Results for univariate and multiple regression analysis for correlation of 

clinical characteristics with baseline estimated glomerular pressure. 

 Univariate linear regression Multiple linear regression 

Characteristic Coef L95 U95 P-value R2 Coef L95 U95 P-value 

Age -0.04 -0.39 0.30 0.796 0.003     

Sex 3.21 -5.94 12.37 0.477 0.020     

BMI (kg/m2) 0.77 -0.17 1.71 0.103 0.099 0.99 0.38 1.59 0.003 

eGFR (ml/min/1.73m2) 0.01 -0.21 0.24 0.894 0.001     

Microalbuminuria 4.69 -5.61 14.99 0.355 0.041     

History of diabetes 10.13 2.84 17.42 0.008 0.239 10.11 5.10 15.13 <0.001 
Use of an ACE-inhibitor or 
ARB 4.22 -3.62 12.06 0.278 0.045     

Renal perfusion pressure 
(mmHG) 0.36 0.12 0.61 0.005 0.260 0.42 0.25 0.60 <0.001 

 

Supplementary table 1: Results for univariate and multiple regression analysis for 

correlation of clinical characteristics with baseline estimated glomerular pressure. BMI 

denotes body mass index, eGFR estimated glomerular filtration rate, ACE angiotensin 

converting enzyme, ARB angiotensin receptor blocker. Coef denotes the regression 

coefficient, L95 and U95 indicate the 95% confidence interval. 
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Supplement 2: Bland-Altman analysis of Windkessel method compared to first harmonic 

method of estimation of glomerular pressure. 

 

Supplemental figure S1: Bland-Altman analysis of Windkessel method compared to first 

harmonic method of estimation of glomerular pressure. The Windkessel method is on average 

5.1 mmHg lower (95%CI of difference –13.0 - 2.8), with good overall agreement (ICC 0.94, 

p<0.001). 
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Supplement 3: Comparison of Windkessel model with Gomez’ equations 

 

In a subset of 10 of the 28 participants, we pressure-flow measurements were performed in 

the main branch of the renal artery and we could estimate renal blood flow using intrarenal 

flow velocity and the diameter of the main artery. In the other participants either a 

measurement in a branch of the renal artery was performed, or there was no reliable 

angiographic image available. The area of the renal artery was determined using Quantitative 

Coronary Angiography software (Medis – Qangio XA 7.3.54.0). The area of the vessel was 

used to estimate renal blood flow from renal blood flow velocity (using ½ * area * blood flow 

velocity which assumes a Poiseuille flow profile), which we multiplied by 2 to determine total 

renal blood flow.1 We then determined filtration fraction based on estimated glomerular 

filtration rate (based on the CKD-EPI formula using peri-procedural plasma creatinine), 

plasma hematocrit and renal blood flow. We determined the gross filtration coefficient Kfg by 

dividing the mean eGFR by 25 (assumed filtration pressure across capillaries, corresponding 

to a mean Pglom of 60). The glomerular oncotic pressure was determined from the estimated 

filtration fraction and the total plasma protein. Estimated glomerular pressure was then 

calculated using the Gomez’ equations.2,3 

 

𝑃𝑔𝑙𝑜𝑚 = ∆𝑃𝑓𝑖𝑙𝑡 + 𝑃𝐵𝑜𝑤𝑚𝑎𝑛 + 𝑃ℎ𝑦𝑑𝑟𝑜 =
𝐺𝐹𝑅

𝐾𝑓𝑔
+ 5 ⋅ [

𝑇𝑃

𝐹𝐹
⋅ ln (

1

1 − 𝐹𝐹
) − 2] + 10 

Both the Windkessel method and the Gomez’ equations give estimates for glomerular 

pressure in the physiological range (50-73 for the Gomez’ equations, 37-55 for Windkessel), 

but they have poor correlation (R: -0.24, 95%CI -0.75-0.46). As the major determinants of 

Pglom in the Gomez’ equations are GFR, plasma protein and Kfg, we imputed in the other 

participants the filtration fraction using the mean (16.3), which gave a similarly poor 

correlation (R:-0.08, 95%CI -0.44 – 0.30) Supplementary figure 2 shows the comparison 

between the Windkessel method and the Gomez’ equations.  
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Supplemental figure S2: Comparison of estimated intraglomerular pressure (Pglom) using 

the Windkessel and Gomez method. Blue dots are participants where filtration fraction was 

imputed, red dots are participants where filtration fraction was determined from GFR and 

renal plasma flow. 
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