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a b s t r a c t

Salt-induced hypertension has been demonstrated in a variety of species including rats,

monkeys, chimpanzees and humans. Until recently, the multiple phases of this blood pres-

sure increase due to high salt intake had not been closely studied. This work builds upon a

recent study, which developed a grey-box multi-component model of salt-induced hyperten-

sion in the Dahl-S rat. The previous 3-component model has been extended here to include

additional model dynamics to improve the model fit and add new important elements to the

model response. The model was optimised using numerical techniques with experimental

data from 4 different protocols with Dahl-S, Dahl-R and FF2 hybrid rats. Results show a

marked improvement over the previous model and confirm the merit of the 5-component

model structure. A comparison between the model dynamics for different rat strains has

also been included.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Salt-induced hypertension (SIH) is a process whereby a sub-
ject develops high blood pressure (BP) due to high salt intake
and individuals can be categorised into salt-sensitive or
salt-resistant [1,2]. Salt intake has often been linked to the
development of hypertension [3–5] and the BP response to salt
has been studied in chimpanzees [6], spider monkeys [7], rats
[8,9], mice [10] and humans [11].

Until recently, salt-induced hypertension was viewed as a
single event and different time courses of the development
of hypertension were not distinguished. This was mainly due
to a lack of long term data sampled at short enough intervals
to determine different phases of the response. Van Vliet et al.
[12] first emphasised the presence of two distinct phases of
SIH in Dahl salt-sensitive (Dahl-S) rats and, in addition, their
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study showed that similar effects were also present to various
extents in hybrid rats.

Based on this idea, and using the same experimental data,
a multi-component grey-box model was created to simulate
the acute and progressive time-courses in BP increase due to
high salt intake [13]. The model comprises three dynamic com-
ponents, as shown in Fig. 1, and was optimised for both Dahl
salt-sensitive and hybrid rats. The model was shown to fit the
data reasonably well and possible physiological explanations
were assigned to each component. A major drawback, how-
ever, is the inability of this 3-component model to account for
certain features present in the experimental data.

In the present study, the existing 3-component model is
extended to improve the data fit and assign a model structure
that is possibly more representative of the underlying physi-
ological system. Two new model components were developed
using the average data for each experimental protocol (i.e. the

0169-2607/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1 – 3-Component model structure developed in [13]

‘mean animal’), as it is relatively noise-free data and empha-
sises features present in most if not all animals within a data
set. Subsequently, the models were parameterised for each
individual animal, including control Dahl salt-resistant (Dahl-
R) animals. Chronic pressure–natriuresis relationships were
also plotted for various animals to demonstrate the different
features in the progression of SIH.

The remainder of the paper is organised as follows: Sec-
tion 2 gives a brief overview of the data sets used in this study
and Section 3 shows the model structure development. Sec-
tion 4 describes the numerical techniques employed for model
parameter optimisation, while Sections 5 and 6 present the
results and discussion of the work.

2. Experimental data

Data from four different experimental protocols were used in
this study. Plots of the ‘mean animal’ data for each protocol as
well as the respective salt inputs are shown in Figs. 2 and 3.

2.1. Protocol 1

Experimental protocol 1, described in detail in [12], was
conducted on nine 3-month-old male Dahl-S rats from the
Brookhaven strain. A step increase in dietary salt intake was
applied for 6 weeks (4% NaCl), followed by a 4-week recovery
period with normal salt intake (0.7% NaCl). Blood pressure was
recorded using telemeters at a rate of a sample per minute.
The 24-h average mean arterial pressure (MAP) was used in the
study. A separate set of seven Dahl-R rats were used as control
subjects and were fed the same diet as the Dahl-S rats. Fig. 2
shows a plot of the ‘mean animal’ for the Dahl-S and Dahl-R
rats and the associated salt intake.

2.2. Protocol 2

Protocol 2 was designed to investigate the reversibility of salt-
induced hypertension and was reported in [12]. The protocol
included variations in salt intake during a course of eleven
weeks. The subjects were five male Dahl-S rats, instrumented
with telemeters for blood pressure recording. Weeks 1, 3, 7 and
11 included normal salt diet of 0.7% NaCl, while during weeks
2, 4–6 and 8–10 the animals were given high salt diet of 4%

Fig. 2 – ‘Mean salt-sensitive’ and ‘mean salt-resistant’
animals of Protocol 1 (top) and ‘mean salt-sensitive’ animal
of Protocol 2 (bottom) and associate salt intake levels.

NaCl. Fig. 2 shows a plot of the ‘mean animal’ and salt intake
for this protocol.

2.3. Protocol 3

Protocol 3, described in [13], investigates the effect of short-
term changes in salt intake on the daily MAP level of eight male
Dahl-S rats and five control male Dahl-R rats . The salt levels
in the diet were varied in a pseudo-random binary sequence
where, at each day of the experiment, the level of salt was
either changed or it stayed the same. BP telemeters were
implanted in all rats and a recovery period was allowed before
a high salt diet was given. The protocol was 72 days long and
the daily mean BP level was calculated as the average level
of MAP sampled once each minute. The dietary salt level was
manipulated in the following manner, 0000000001 1111101010
1100110111 0110100100 1110001011 1100101000 110000100000,
with each ‘0’ representing a 24 h exposure to a regular salt diet
(0.7% NaCl) and each ‘1’ indicating a 24 h exposure to high salt
diet (4% NaCl). Fig. 3 shows a plot of the ‘mean animal’ for the
salt-sensitive and salt-resistant rats, in addition to the salt
intake levels.

2.4. Protocol 4

Protocol 4, described in detail in [12] and similarly to Protocol
1, was conducted to study the BP response to a step increase
in salt level in the diet of rats. Thirteen male FF2-hybrid rats
(progeny of the cross between Dahl-S and Dahl-R rats) were
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Fig. 3 – ‘Mean salt-sensitive’ and ‘mean salt-resistant’
animals of Protocol 3 (top) and ‘mean hybrid’ animal of
Protocol 4 (bottom) and associate salt intake levels.

studied. Following a control week on a regular salt diet con-
taining 0.7% NaCl, a high salt diet of 4% NaCl was given for 10
weeks and then returned back to a regular salt diet for 1 week.
BP was measured using implanted telemeters. Fig. 3 shows a
plot of the ‘mean animal’ of the hybrid data set.

3. Model development

The existing 3-component model in [13] has salt levels in the
diet as input and BP variation from baseline as output, and
consists of the following dynamic components:

• An ‘acute salt-sensitivity’ component, comprising a first
order transfer function with steady state gain Gas

(mmHg/%NaCl) and time constant �as (days). This compo-
nent represents the reversible change of BP over a few days
to a week, shown in studies in mice [10], humans [14], dogs
[15] and monkeys [16].

• A ‘progressive self-sustaining’ component consisting of a
simple integrator with gain Gir, simulating a slow, progres-
sive and irreversible BP increase [9,12,17].

• A ‘progressive-acute’ component consisting of an integrator
term with gain Gpr, which creates a progressive amplifica-
tion of the gain Gas of the ‘acute salt-sensitivity’ component
of the model. This effect is consistent with progressive
worsening of the acute salt-sensitivity and has been demon-
strated in chimpanzees [6], rats [18] and humans [19,20].

Fig. 4 – 4-Component model structure.

3.1. 4-Component model

As some features of the data were not well represented by
the 3-component model in [13], expansion of the model was
required. In Fig. 2, which shows a plot of the ‘mean salt-
sensitive’ animal from Protocol 1, after the high salt stimulus is
removed BP recedes to lower levels, undershooting before set-
tling to its new steady-state value. It is impossible to achieve
the undershooting response without the addition of an extra
component to the existing model.

The new fourth ‘compensatory’ component, designed to
model the overshoot in the data, is shown in Fig. 4. It consists
of a first order dynamic component, whose response opposes
the increase in BP due to high salt intake. This is generally
consistent with the physiology of the blood pressure control
system, which is a complex mixture of balancing neural, hor-
monal and autoregulatory interactions, and thus it is expected
that certain mechanisms will counteract the effect of salt on
BP, e.g suppression of angiotensin and aldosterone production
[21].

3.2. 5-Component model

A further set of dynamic components were subsequently
added to enhance the 4-component model response by
accounting for different rates of BP increase and decrease
during the stimulation and relaxation phases of the exper-
iments (increase and decrease of salt contents in the diet).
This new model component consists of a switch, along with
separate ‘stimulation’ and ‘relaxation’ dynamics (Fig. 5). These
dynamics work in conjunction with the ‘acute salt-sensitivity’

Fig. 5 – 5-Component model structure.
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component, where during high salt intake, the ‘stimulation’
component is activated, while when the high salt stimulus is
removed, the ‘relaxation’ component takes over. This is rea-
sonable, since substances involved in BP control may have
different formation and dispersion mechanisms and associ-
ated activation rates.

3.3. Neural network model

Neural networks are black-box models, with potentially
unlimited level of complexity and capabilities to model non-
linear characteristics. For comparison purposes, a neural
network model was implemented in order to assess whether
a purely black-box model could perform better for the existing
data sets than the 4- and 5- component models of Sections 3.1
and 3.2. This would give an estimate of the degree to which
the grey-box model assimilates all the dynamics and charac-
teristics contained in the data.

In order to make the models comparable, the output of the
neural network is a multi-step ahead prediction. The network
was trained separately for each individual animal. As the data
sets are very short and all samples were used during training,
no validation data was utilised and thus training was stopped
after no more than thirty iterations to avoid potential overfit-
ting. A small number of neurons were employed to enhance
parsimony.

Networks with both one and two hidden layers were con-
sidered, even though a single layer network can approximate
any continuous function [22]. Three single layer and one two-
layer networks are presented, with structures Ni − Nh − No,
where Ni is the number of input neurons, Nh the number of
hidden neurons in each layer and No the number of output
neurons. All three single layer structures had No = 1, with the
current BP value as output of the network, and number of input
neurons as follows:

• NNET1: Ni = 3, with inputs consisting of the present value
of the salt intake and two past values of the BP output
(uk, yk−1, yk−2),

• NNET2: Ni = 4, with inputs consisting of the present value
of the salt intake and three past values of the BP output
(uk, yk−1, yk−2, yk−3), and

• NNET3: Ni = 4, with inputs consisting of the present and
one past value of the salt intake and two past values of the
BP output (uk, uk−1, yk−1, yk−2).

A two-layered neural network (NNET4) had Ni=3, with the
inputs of the network including the present value of the salt
intake and two past values of the BP output (uk, yk−1, yk−2).
All output values were those predicted by the network. As
example, Fig. 6 shows a diagram of NNET1/NNET4.

Different number of hidden layer neurons gave optimal
results for the various animals. On average, for all data sets,
the number of neurons in the hidden layer, Nh, was approx-
imately 5.5, with some networks having up to ten hidden
layer neurons, while others only three. The simplicity of the 5-
component model suggests that a low-order structure should
be sufficient to represent the main features of the data, and
the limited number of training points also restricts the size of
the networks.

Fig. 6 – Example neural network structure, with uk and ŷk

being the current salt input and MAP output of the network
respectively, and ŷk−1 and ŷk−2 being the delay input line
formed by two past estimated MAP outputs of the network.

Additional network structures, not presented here, were
also considered, including such with additional number of
past values of the input and output and various number of
hidden neurons; however, increasing the number of connec-
tions and weights led to a deterioration of model fit and an
increase in errors.

4. Model optimisation

All models were parameterised for each individual ani-
mal in all four protocols. MatLab’s Simulink was used for
model implementation, while the parameter optimisation
for the 4- and 5-component grey-box models was done
using Nelder–Mead simplex algorithm [23], which is suitable
for multidimensional unconstrained problems. The objective
function to be minimised (J) was defined as the mean squared
error (MSE) between model results and experimental data:

J = 1
N

N∑
i=1

(yi − ŷi)
2 (1)

where N is the number of samples in the data set, ŷi is the blood
pressure data obtained from the model simulations, and yi is
the experimental blood pressure data.

The black-box neural network models were implemented
using MatLab’s Neural Network Toolbox. The nonlinear func-
tions in the hidden layer were log sigmoid, while those in the
output layer were linear. The Levenberg–Marquardt algorithm
[24] was used for network training. The objective function to
be minimised was the MSE shown in Eq. (1).

5. Results

The model results for the 4-component, 5-component and
neural network models are presented here, with the results
of the 3-component model given for reference.

5.1. 4-Component model

Table 1 lists the mean parameter values for the 4-component
model in Fig. 4 and their standard deviations for the salt-
sensitive animals in Protocols 1, 2 and 3. Table 2 shows the
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Table 1 – Mean parameters and standard deviations for
the 4-component model for the Dahl-S rats of Protocols
1, 2 and 3.

Protocol Protocol 1 Protocol 2 Protocol 3

Gas 5.792 ± 2.845 3.819 ± 2.164 3.076 ± 2.527
�as 2.645 ± 1.229 2.610 ± 1.038 2.739±1.460
Gpr 0.005 ± 0.004 0.009 ± 0.006 0.017±0.017
Gir 0.130 ± 0.046 0.138 ± 0.153 0.074 ± 0.027
Gc 4.584 ± 3.199 8.540 ± 10.684 4.732 ± 3.872
�c 18.609 ± 10.898 30.659 ± 24.978 19.324 ± 12.249

Table 2 – Mean parameters and standard deviations for
the 4-component model for the control Dahl-R rats of
Protocols 1 and 3 and hybrid rats of Protocol 4.

Protocol Protocol 1 Protocol 3 Protocol 4

Gas 0.959 ± 0.541 2.256 ± 0.482 2.851 ± 1.558
�as 1.585 ± 0.237 2.194 ± 0.204 3.029 ± 0.844
Gpr 0.0005 ± 0.001 0.0027 ± 0.002 0.002 ± 0.002
Gir 0.038 ± 0.021 0.017 ± 0.019 0.031 ± 0.020
Gc 1.434 ± 1.833 2.537 ± 0.549 1.989 ± 1.654
�c 24.932 ± 20.368 5.558 ± 1.338 7.368 ± 3.739

Table 3 – Mean parameters and standard deviations for
the 5-component model for the Dahl-S rats of Protocols
1, 2 and 3.

Protocol Protocol 1 Protocol 2 Protocol 3

Gas 4.785 ± 1.329 2.748 ± 1.057 4.017 ± 1.848
�as 3.056 ± 3.959 1.884 ± 0.972 2.186 ± 0.639
Gpr 0.001 ± 0.001 0.011 ± 0.012 0.001 ± 0.001
Gir 0.122 ± 0.032 0.097 ± 0.119 0.072 ± 0.055
Gc 5.029 ± 2.881 3.903 ± 3.471 4.356 ± 1.836
�c 9.103 ± 5.881 13.326 ± 10.873 7.047 ± 1.969
Gst 4.178 ± 3.055 2.692 ± 1.787 3.121 ± 1.195
�st 9.246 ± 4.389 9.640 ± 6.263 19.201 ± 8.338
Grel 3.871 ± 1.689 1.468 ± 2.112 0.973 ± 1.557
�rel 3.468 ± 5.253 3.321 ± 5.915 0.635 ± 0.315

mean parameter values for the control salt-resistant animals
of Protocols 1 and 3 and the hybrid animals of Protocol 4.
The ‘acute salt-sensitivity’ gain Gas is clearly lowest for the
salt-resistant animals from Protocols 1 and 3. In addition, the
mean Gas value of the hybrid animals is higher than that of the
salt-resistant rats, but lower than those of the salt-sensitive
animals. This is very reasonable since hybrid animals have a
selection of genetic types, varying from salt-sensitive to salt-
resistant. The time constant �as is similar across all protocols
and varies between 1.5 and 3 days, which is consistent with
other rat studies [25]. The ‘self-sustained’ component gain
Gir is also lowest for the salt-resistant and hybrid rats, and
highest for the salt-sensitive animals of Protocol 1, exposed to
prolonged, uninterrupted high salt intake.

5.2. 5-Component model

Table 3 shows the mean parameter values and standard devi-
ations (SD) for the salt-sensitive animals of Protocols 1, 2 and 3
for the 5-component model, while Table 4 presents the param-
eter values and SDs for the control salt-resistant animals of
Protocol 1 and 3 and hybrid animals of Protocol 4. As before,
the gains of the salt-sensitive animals are consistently higher
than those of the salt-resistant and hybrid rats. The mean Gas

Table 4 – Mean parameters and standard deviations for
the 5-component model for the control Dahl-R rats of
Protocols 1 and 3 and the hybrid rats of Protocol 4.

Protocol Protocol 1 Protocol 3 Protocol 4

Gas 1.759 ± 1.388 2.806 ± 0.892 1.841 ± 0.662
�as 0.752 ± 0.246 1.999 ± 0.596 1.587 ± 0.836
Gpr 0.0006 ± 0.0004 0.0008 ± 0.0007 0.001 ± 0.002
Gir 0.014 ± 0.013 0.024 ± 0.018 0.027 ± 0.021
Gc 2.007 ± 0.887 3.256 ± 0.942 1.653 ± 1.229
�c 4.114 ± 1.518 4.746 ± 1.0332 5.552 ± 2.438
Gst 1.014 ± 0.421 0.457 ± 0.3193 1.274 ± 1.065
�st 4.142 ± 1.460 12.795 ± 6.718 11.257 ± 7.432
Grel 2.338 ± 1.444 0.048 ± 0.089 2.177 ± 1.703
�rel 40.48 ± 50.864 0.526 ± 0.221 1.785 ± 2.369

Fig. 7 – Model response for all three grey-box models
(3-component, 4-component and 5-component models)
compared to the experimental data for salt-sensitive
animal SB11 from Protocol 1.

for the Dahl-S rats of Protocol 1 is an exception, with the value
being quite similar to that of the salt-resistant and hybrid ani-
mals. However the acute reversible response in this model is
a combination of the ‘acute salt-sensitivity’ and ‘stimulation’
dynamics and Gst compensates in this case by being much
larger for the salt-sensitive animals.

The advantages of employing different dynamic com-
ponents for the stimulation and relaxation stages of the
experiment become clear with the 5-component model.
For the salt-sensitive, and even for the hybrid, animals in
Tables 3 and 4, the time constant values of the stimulation
dynamics �st are prominently larger than those of the relax-
ation component �rel for all protocols. This helps improve the
model fit, compared to the 3-component and 4-component
models, as shown in Fig. 7, where the responses of the dif-
ferent models are compared for one particular animal (SB11).
The time constant values are more unreliable in the case of
the salt-resistant animals, as the lack of prominent response
to salt intake in these animals may not necessitate all available
model components.

A comparison of the mean MSEs and SDs for each proto-
col is shown in Table 5 for the salt-sensitive animals. Table 6
shows the same set of results for the control salt-resistant
and hybrid animals. Each additional component included in
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Table 5 – Mean MSEs and standard deviations for each
model for the salt-sensitive animals of Protocols 1, 2 and
3.

Protocol 3-Comp 4-Comp 5-Comp

Protocol 1 6.664 ± 5.780 5.362 ± 3.290 4.066 ± 1.831
Protocol 2 9.119 ± 6.126 7.743 ± 6.036 6.863 ± 5.439
Protocol 3 6.455 ± 1.950 4.281 ± 1.410 3.181 ± 1.115

Table 6 – Mean MSEs and standard deviations for the
control salt-resistant animals of Protocols 1 and 3 and
the hybrid animals of Protocol 4 for each model.

Protocol 3-Comp 4-Comp 5-Comp

Protocol 1 2.620 ± 0.911 2.184 ± 1.000 1.775 ± 0.779
Protocol 3 2.993 ± 0.407 2.570 ± 0.614 2.283 ± 0.617
Protocol 4 2.935 ± 3.160 2.573 ± 2.181 2.261 ± 1.634

Fig. 8 – Model response for all three grey-box models
(3-component, 4-component and 5-component models)
compared to the experimental data for salt-resistant
animal RB20 from Protocol 3.

the model leads to a marked reduction in MSE for the salt-
sensitive animals. There is a modest reduction in error for the
salt-resistant and hybrid animals. However, it is not signifi-
cant, since an increase in the number of model components
may not be justifiable in the case of salt-resistant animals, as
such model components may not be significantly activated in
Dahl-R and hybrid rats. Fig. 8 shows a plot of the responses
of the various models compared to the experimental data for
salt-resistant animal RB20 from Protocol 3. There is no large
improvement in the response with increasing model complex-
ity.

An F-test [26] was performed to assess whether the
increase in the model complexity is justified for the salt-
sensitive and hybrid animals. In general, an F-test value is
calculated to compare the performances of two models, a sim-
ple and a more complex one, with respect to the number of
model parameters. As the result of the test is, essentially, a
ratio of performances versus complexity between the simpler
and the more complex models, an F-test value of 1 signifies
that the two models perform equally well for their respective
degree of complexity, while an F-test value greater than 1 sig-
nifies some merit in the use of the more complex model. The

Table 7 – Mean F-test values for the salt-sensitive
animals of Protocols 1–3 and the ybrid animals in
Protocol 4 and associated confidence intervals (P-values).
F1 is the F-value corresponding to the increase of model
complexity from three to four components, while F2
refers to the F-value corresponding to the increase of
model complexity from four to five components.

Protocol F1 P-value 1 F2 P-value 2

Protocol 1 5.016 0.01 4.443 0.005
Protocol 2 10.764 0.001 2.111 0.1
Protocol 3 15.601 0.001 5.108 0.01
Protocol 4 2.122 >0.1 1.755 >0.1

Fig. 9 – Residuals for one animal from Protocol 1 (SB11).

degree to which the F-test value exceeds one can also be used
as a measure of confidence interval on the F-value, taking into
account the number of samples in the data set and the number
of parameters used. In our study, two F-test values were calcu-
lated for the salt-sensitive and hybrid animals, one comparing
the 3- and 4-component models (F1) and the other comparing
the 4- and 5-component models (F2). The two mean F-test val-
ues with their associated confidence intervals are presented
in Table 7 for each protocol. From the results it can be seen
that increase in complexity both from 3 to 4 components and
from 4 to 5 components is justifiable with very high confidence
for all protocols except for the one with hybrid animals (Pro-
tocol 4). In the hybrid animal data set, the F-test values are
greater than one; however, the confidence intervals are lower
than those for Protocols 1–3. Since some of the hybrid ani-
mals have genetic make-up similar to that of salt-resistant
animals [27], and thus lack some of the response features of
the salt-sensitive animals, it appears that not all model com-
ponents are necessary to represent their responses. It is the
intent, however, to have a general model, which can repre-
sent both salt-sensitive and salt-resistant animals, thus some
model components may inadvertently appear redundant in
the latter case but are essential in the former.

The residual between the modelled and actual BP data
can also be used as a measure of model quality. A plot of
the residuals for one salt-sensitive animal (SB11) from Pro-
tocol 1 is shown in Fig. 9, while the autocorrelation of the
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Fig. 10 – Autocorrelation of residuals for one animal from
Protocol 1 (SB11).

residuals is shown in Fig. 10. Both plots confirm improvement
with the addition of component 4 and then component 5 to
the model. With each new component the residuals become
less correlated, thus approaching white noise, confirming that
the majority of the signal is explained by the 5-component
model and the addition of any further component would not
be required, as the small improvement in fit would be unlikely
to justify any further increase in complexity.

Figs. 11 and 12 show plots of the 5-component model
results for the ‘mean animal’ for each protocol and compare
them to the experimental data. These plots confirm the quality
of the model fit and give merit to the model structure.

5.3. Neural networks

Table 8 shows the mean MSEs and standard deviations for
the various neural network models for the salt-sensitive and
hybrid animals. Surprisingly, results are not as good as those
for the grey-box models. There are a number of potential rea-
sons for the poor response of the neural networks. The data
sets have very few samples (¡80) and the networks were trained
on individual animals only. No validation data was used, with
less than 80 data points, therefore training had to be stopped
early to avoid over-fitting. With further refinement of the neu-
ral network models arguably better results could have been
obtained. However, the purpose was to assess how well models
with strictly defined structure and based on some physiologi-
cal principles (the 4- and 5-component models) could perform
compared to purely black box models.

6. Discussion

The 5-component model developed here is, so far, the most
comprehensive model of the dynamics of salt-induced hyper-
tension in Dahl-S rats. The model fits the data very well
and the components are reasonably intuitive and have some
physiological basis. Table 5 shows the large reduction in
error in the 5-component model compared to the initial 3-
component model. In addition, the autocorrelation of the

Fig. 11 – 5-Component model response compared to
experimental output for the ‘mean salt-sensitive animal’ of
Protocol 1 (top) and Protocol 2 (bottom).

residuals approaches that of white noise, signifying a rela-
tively complete model structure.

Fig. 7 also shows the type of improvement in model
response that the additional components (4 and 5) bring to
the model over the 3-component model. New elements of the
data are featured, in particular the differing time constants
between stimulation and relaxation and the undershoot of BP
when high-salt intake is ceased.

The neural network models, and their inferior perfor-
mance compared to the grey-box models, have manifested the
importance in using physiological knowledge in model devel-
opment. Arguably, the neural network models could have been
further refined in order to achieve better MSE results. However,
it is futile to strive for minimal errors, when no practical struc-
tural knowledge can be gained from the system. Moreover, the
comparison between the 5-component model and the neu-
ral network emphasises again that any further increase in
model complexity would not necessarily improve the model
response.

In previous studies, the slope of the pressure–natriuresis
relationship has been used to define the acute salt sensitiv-
ity of BP [28,29]. The 5-component grey-box model developed
here can be used to generate pressure–natriuresis relationship
curves, which manifest the progression of the development
of salt-induced hypertension and worsening of the subjects’
salt-sensitivity with prolonged high salt intake.

A combination of the ‘acute salt-sensitivity’, ‘compen-
satory’ and ‘stimulation’ components impact on the initial
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Table 8 – Mean MSEs and STDs for the neural network models for all protocols.

Protocol NNET1 NNET2 NNET3 NNET4

Protocol 1 11.860 ± 8.699 16.754 ± 12.142 12.960 ± 10.469 19.461 ± 23.965
Protocol 2 27.788 ± 23.892 32.044 ± 23.070 47.550 ± 45.332 22.833 ± 14.992
Protocol 3 11.586 ± 3.335 14.278 ± 5.783 15.073 ± 6.528 12.168 ± 4.968
Protocol 4 5.241 ± 4.711 6.007 ± 4.860 4.411 ± 2.633 4.957 ± 3.184

Fig. 12 – 5-Component model response compared to
experimental output for the ‘mean salt-sensitive animal’ of
Protocol 3 (top) and the ‘mean hybrid animal’ from Protocol
4 (bottom).

slope of the chronic pressure–natriuresis relationship. The
slope is determined by the magnitude of the animal’s response
to high salt intake and is inversely proportional to the Gas

and Gst gains. Thus, for animals, which are very salt-sensitive
the slope is of a low value. The ‘progressive acute’ compo-
nent in the model results in a further reduction of the slope
value with continued exposure to high salt diet and this reduc-
tion is inversely proportional to Gpr. This effect corresponds
to an increase in acute salt-sensitivity with time. The ‘self-
sustained’ or irreversible component in the model contributes
to the pressure–natriuresis relationship by shifting the curve
to the right, i.e. towards higher resting BP levels [12,17]. Since
this component of the BP response is irreversible, the shift in
the pressure–natriuresis curve is also permanent and the Gir

gain is proportional to the amount of rightward shift in the
curve. All of the effects described here can be clearly seen in
Fig. 13 for the salt-sensitive animal SB11 from Protocol 1. In
comparison, Fig. 14 shows the pressure–natriuresis relation-
ships for a salt-resistant animal from Protocol 1. The rightward
shift in the curve (notice the scale difference) is very small

Fig. 13 – Pressure–natriuresis curves for salt-sensitive
animal SB11.

Fig. 14 – Pressure–natriuresis curves for salt-resistant
animal RB2.

compared to that of the salt-sensitive animal, and there is
no overall reduction in the slope of the relationship. Finally,
Fig. 15 shows the pressure–natriuresis curve of hybrid animal
FF6 from Protocol 4. In this case, there is no rightward shift
in the curve, signifying no irreversible component, and a very
small reduction in the slope of the curve. These results demon-
strate the ability of the model to distinguish between different
mechanisms responsible for the development of salt-induced
hypertension and more importantly show the characteristic
difference between BP responses of salt-sensitive and salt-
resistant animals.

It is not within our expertise to assign exact physio-
logical meaning to the various additional dynamics in the
model. Nevertheless, it is believed that the 5-component
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Fig. 15 – Pressure–natriuresis curves for hybrid animal FF6.

model articulates clear and distinct characteristics, which
may correspond with separate physiological phenomena.
The combination of ‘acute salt-sensitivity’ and ‘progressive
acute’ components coincides with the time course of re-
establishment of salt balance within days. The ‘self-sustained’
component, leading to an irreversibility of BP increase, could
be attributed to the vascular remodelling and/or renal dam-
age such as fibrosis and hypertrophy or lesions [30–33]. The
‘compensatory’ component could be related to mechanisms
such as the suppression of the renin-angiotensin-aldosterone
system, which opposes BP increase, while the combination of
‘stimulation’ and ‘relaxation’ dynamics, can be attributed to
a hysteresis effect, typical of systems where substances are
produced and dispersed at different rates.

7. Conclusions

This study highlights the multi-component nature of salt-
induced hypertension by describing two additional model
components to an already existing model [13], which repre-
sent the time course of BP response to high salt intake in
Dahl-S and hybrid rats. The previous 3-component model in
[13] represented a good starting point in the modelling of salt-
induced hypertension but lacked the complexity to depict all
major features of the BP response.

The 5-component model has helped gain an insight into
the processes involved in blood pressure control and it is
important for future experimental protocols to be designed in
view of the fact the BP increase due to salt intake has numer-
ous components, some reversible and others irreversible.

We believe that appropriate experiments should be con-
ducted in order to differentiate between the various response
components and to attempt to understand their exact physio-
logical significance. In the future, additional excitation signals
and protocols may be studied in order to provide the model
with the ability to model inter-animal variation in BP, as
presently the model is optimised to simulate the response of
individual animals only. In addition, experiments similar to
the ones described in this work, are currently being carried out
on Sprague Dawley rats in Prof. Van Vliet’s Laboratory. These

may help confirm the suitability of the 5-component model
structure to fit data from a wider variety of animals, ranging
from normotensive to hypertensive.
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