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ABSTRACT

Introduction: Sodium, an important dietary requirement, is essential to many physiologic processes. High sodium intake affects serious
health issues such as hypertension and cardiovascular disease, the largest cause of death globally. Consequently, many health organiza-
tions have recommended substantial reductions in sodium intake, to as little as 1,500 mg/d. Yet limited understanding exists for the entire
range of the effect of sodium between high intake and the recommendations.

Methods: We built a simulation using equations from the Uttamsingh model of the renal system to simulate the long-term mean arterial
pressure (MAP) across sodium intake ranges. We used another existing physiology simulation platform, HumMod-3.0.4, for comparison.
We compared the simulation results with empirical studies done on the global population.

Results: We find a linear increase in MAP for consumption above 4,000 mg/d, but nearly constant MAP between 1,200 and 4,000 mg/d.
Below 1,200 mg/d, the system cannot maintain homeostasis.

Conclusion: Supporting the U-shape theory of sodium intake, which posits that too-high and too-low sodium intake rates increase car-
diovascular disease risks, our results suggest that the homeostatic regulation by antidiuretic hormone and aldosterone transitions from
sodium retention to sodium excretion at around 4,000 mg/d (a value that varies across individuals and conditions), indicating sodium sat-
uration and evolutionary optimality. Our findings are consistent with recent empirical studies on large populations globally. We suggest
that the current low-level recommendations are not supported by this physiologic model analysis and would require more compelling
evidence.

Keywords: physiology simulation; sodium intake; sodium reduction

Introduction benefits of sodium reduction to the low range have little empirical
support,? whereas the potential dangers are also not well under-
stood.”! An ongoing debate on the nature of the relationship be-
tween sodium intake and human health is at issue. A report from
the Institute of Medicine found no evidence that reduction in so-
dium to below 2,300 mg/d reduces the risk of heart attack, stroke,
or death." A meta-analysis of randomized controlled trials""
found no effect on all-cause mortality among obese hypertensive
or prehypertensive people after sodium reduction to 2,300 mg/d,
whereas healthy populations showed only Tmm Hg difference in
blood pressure. Large-scale reviews of experimental results have
led some to conclude that a paucity of high-quality evidence can-
not guide public health policy, and in fact, current guidelines bear
no physiologic relevance.* Others have noted that there is no
policy consensus on optimal sodium intake or on the harm or ben-
efit of reducing sodium below the United States’ average.'?

On the other hand, there is evidence that recommended reduc-
tions may not be achievable. Approximately 90% of the world’s
population has an average sodium intake of 2,600-5,000mg/d, a
figure consistent throughout 50 years of research across 45 coun-
10.1097/pp9.0000000000000026 tries in multiple ethnic groups.2'® People in the U.S. consume
Copyright © 2019 The Author(s). Published by Wolters Kluwer on behalf of the European 3,400-3,600 mg/d on average.mf’“] On a g|0ba| scale, 6-7 billion
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Sodium is essential to many physiologic processes and is, thus, an
important dietary requirement.l" In particular, adequate sodium is
fundamental to survival because intravascular volume is depend-
ent on sodium and water. However, sodium levels can be a factor
in serious health issues such as hypertension and cardiovascular di-
sease (CVD). A large body of evidence associates high sodium intake
(>5,000mg/d) with CVD, which is the major cause of death glob-
ally™ prompting the US. Departments of Agriculture and Health
and Human Services to recommend reducing dietary sodium to
2,300mg/d to limit damaging outcomes of CVD.2”! The American
Heart Association recommends intake below 1,500 mg/d,”! whereas
the World Health Organization (WHO) advises <2,000mg/d.®
Although much attention has focused on the harm of high so-
dium intake, limited understanding exists for the range between
high intake and the recommended level. Similarly, the potential
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ents!” Other researchers agree on the difficulty of maintaining such
sodium restrictions.>'*'® Furthermore, many countries with high
sodium intake (eg, Japan and Finland) have high life expectancy,
whereas stroke rates in the United States have been declining for
25 years despite a constant level of sodium consumption.™

Two models seem to drive the overall debate, which has ex-
tended for >20 years."”' The first assumes that reduction in sodium
intake produces a positive effect with no other consequences. The
second posits that sodium consumption rates that are too low as
well as too high increase the risk of all-cause mortality and CVD.
For example, based on results of randomized studies performed in
high- and low-sodium environments, risks increased significantly
for those assigned a low intake of 1,800 mg/d, and risks increased
for those assigned a high intake of 5,300 mg/d.'® Sodium intake in
the normal range was consistent with optimal health outcomes.
This is the so-called U-shape model.2121819]

This article aims to add to this discussion by using existing
models of physiology to simulate long-term mean arterial pres-
sure (MAP) across a range of dietary sodium levels. We simulate
the long-term MAP using 2 physiologic models, the Uttamsingh
model?” and HumMod-3.0.4 model (referred to as “HumMod” in
the following).?" We find, however, that HumMod produces some
results inconsistent with empirical results. So our report focuses on
the results yielded by the Uttamsingh model. We find, consistent
with the harmful effect of high sodium consumption, that there is
a linear increase in MAP for consumption levels above 4,000 mg/d.
Between 1,200 and 4,000 mg/d, MAP remains approximately con-
stant. Below 1,200mg/d, the system is unable to maintain home-
ostasis, suggesting that physiologic anomalies may occur in this
range. This conclusion is subject to the limitations of the model
because of the methods by which it was constructed. Our results,
however, point to the need for further experiments to map the
physiologic space and its connections to medical outcomes. By
considering the mechanisms underlying the different regimes of
behavior, we find that the homeostatic regulation by antidiuretic
hormone (ADH) and aldosterone (ALD) leads to sodium retention
below 4,000mg/d sodium intake and sodium excretion above
4,000 mg/d, suggesting the transition point of 4,000 mg/d as an in-
dicator of sodium saturation and evolutionary optimality.

Methods

We simulated the MAP based on a range of sodium intakes with 2
different simulation platforms: one with the Uttamsingh model2%
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and the other with HumMod software (http://hummod.org/). The
Uttamsingh model of renal circulation is developed based on the
fundamental Guyton model?? and has been validated against sev-
eral sets of experimental data.”® HumMod is an integrative math-
ematical model that consists of 5,000 variables describing whole-
body physiology.?" Because HumMod is well documented in its
supplementary files, in this section, we focus on the way we imple-
mented the Uttamsingh model.

The Uttamsingh model has 4 components relevant to sodium
circulation: the cardiovascular system, kidney system, hormonal
subsystems, and fluid electrolyte balance. Fig 1 illustrates their
interactions.

The Uttamsingh model considers 3 input variables: the intake
of water, of sodium, and of potassium. The model has 64 dynamic
variables that are computed at 1-minute intervals, 7 of which are
required as inputs in addition to intakes for each iteration:

W = total body water,

TENA = total extracellular sodium,

TEK = total extracellular potassium,
ADH = concentration of ADH,

ALD = concentration of ALD,

A = concentration of angiotensin Il, and
R = concentration of renin.

We simulate this model for a reference 70-kg male, determin-
ing the fixed parameters of the model accordingly. The initial total
body water, W, is calculated using the Watson formula.?“ The initial
values for the other 6 key variables are set according to the refer-
ence value for a healthy human. Fifty-seven additional intermedi-
ate variables are calculated based on the key variables (along with
other parameters and reference values of the model), together
representing the set of physiologic measures at a given time. The
changes per minute of the 7 variables are calculated according to
the dynamic equations of Uttamsingh.2” The change per minute of
4 variables, AADH, AALD, AA, and AR, depends on internal meas-
ures only. The other 3, AW, ATENA, and ATEK, depend on external
inputs of water, sodium, and potassium, respectively. For example,

ATENA=SODMIN-UNA (1)

SODMIN represents sodium intake at each minute, and UNA rep-
resents sodium excretion at each minute. The 7 key variables of the
next minute are defined as:

Uttamsingh Model Block Diagram

PNA. PK Hormenal ADH, ALD
' subsystem FNA
l—— Piasma 1S
Fluid electrolyte and
metabolite balance Kidney
= Cardiovascular o
system
UNA, UK, UFL:

Fig 1. Uttamsingh model block diagram. Boxes represent the 4 components: the cardiovascular system, kidney system, hormonal subsystems, and fluid electrolyte balance.
Arrows indicate interactions between the components via the physiologic variables shown in their labels. E indicates extracellular fluid volume; FNA, filtered load of so-
dium; PK, potassium concentration in plasma; UK, potassium excretion rate in urine.
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X, =X, +AX,, )

Xis in the set of W, TENA, TEK, ADH, ALD, A, and R.
For the other 57 intermediate variables y, i=1, 2, .., 57,

¥,.=F(W,, TENA,, TEK, ADH, ALD,, A ,R,) 3)

where Fis specified explicitly in the Uttamsingh model.*” The sys-
tem is iterated until a designated simulation end time. For conven-
ience, the simulation was programmed in Python and the data are
stored as Pandas dataframes.

We adhered to the WHO recommendation for mean water in-
take of 2.5L/d and potassium intake of 90 mmol/d.>>*! We also
performed a sensitivity analysis to evaluate the change in key
results to the variation of water and potassium intake away from
the recommended levels.

We simulate 5 different input cases: constant, oscillating wave,
square wave, uniform, and Gaussian random inputs. For the results
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Results
Comparison of the Uttamsingh model and HumMod

The results from the 2 simulations are shown in Fig 2. For the Uttams-
ingh model, MAP increases in range C (>4,000mg/d). In range B
(between 1,200 and 4,000 mg/d), MAP is nearly independent of so-
dium intake except for a dip near 4,000 mg/d. Below 1,200mg/d,
MAP is high and unstable, increasing without bound. This anom-
alous behavior is discussed in Section 3.3. For HumMod, in range
A, MAP decreases to a minimum at 700 mg/d, then increases. MAP
keeps increasing in ranges B and C as sodium intake increases, but
more rapidly in the middle intake range than in the high range.

The results are compared with an empirical study by Rodrigues
et al?’ The orange dashed line in Fig 2 shows the MAP calculated
by the adjusted diastolic and systolic blood pressure (DBP, SBP)
found in their study using the usual approximation:

reported in this article, we use constant inputs. Oscillating waves, MAP=DBP + SBP-DBP
square waves, and uniform random inputs yield similar results.
A Mean Arterial Presuure (MAP) and Adverse Event Rates
130 as a Function of Daily Sodium Intake
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Fig 2. MAP and adverse event rates as a function of daily sodium intake. A, The simulated MAP of a 70-kg reference male after 7 days is shown. HumMod simulation (green
dotted line) and the Uttamsingh simulation after 100-mg range smoothing (blue curve) are compared with empirically observed, population-averaged MAP (orange dashed
line).”?”) The Uttamsingh model in range A (sodium intake <1,200 mg/d) shows unstable behavior (Section 3.3). MAP simulated with the Uttamsingh model is nearly con-
stant in range B (1,200-4,000 mg/d), with a dip around 4,000 mg/d and almost linearly increasing in range C (>4,000 mg/d). MAP simulated with HumMod is decreasing in
the range of 0-700 mg/d, comparatively rapidly increasing in the range of 700-3,500 mg/d, and then slowly increasing beyond the daily consumption of 3,500 mg/d. B, The
result from a recent study by Mente et al™ is shown. The 2 curves represent the cardiovascular event rates (events per 1,000 person-years) for major CVD (red curve) and

stroke (orange curve), respectively, based on dietary sodium intake.
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The results are also compared with the Prospective Urban Rural
Epidemiology (PURE) study (the lower pane in Fig 2), which shows
the cardiovascular event rates based on sodium intakes.'” The
data of the PURE study are averaged across 369 communities rang-
ing from 3,220 to 7,520 mg/d. We note that parts of the PURE study
use memory-based questionnaires to assess nutrition intakes,®
and this memory-based method is widely criticized.”**% However,
the results we cite use urinary sodium excretion rather than die-
tary recall to estimate sodium intake." The urinary method has
been validated as a surrogate for sodium intake,®'" despite the po-
tential importance of sodium excretion in sweat.

Effect of sodium intake on MAP

The average sodium intake for approximately 90% of the world’s
population is in the range of 2,600-5,000 mg/d?' (blue-shaded
region in Fig 2), and in the United States, the average is estimat-
ed to be in the range of 3,400-3,600 mg/d.?'*'? In contrast, WHO
advises an intake of <2,000mg/d.®! The Uttamsingh model result
does not support the necessity of a further sodium reduction from
the status quo to as low as the recommended level.

To show the dynamics that give rise to the Uttamsingh result of
Fig 2, we show the minute-by-minute MAP for ranges B and C in
Fig 3.In range B (the green—purple curves), the MAP decreases and
then increases to the stabilized value, which is nearly independent
of sodium intake within the range of 1,200-4,000mg/d. The de-
crease is an artifact due to the model adjusting its initial values to
those that are physiologically relevant. Therefore, this is not to be
expected in actual behavior. In range C (>4,000 mg/d, the orange-
red dashed curves), the MAP grows asymptotically to its stabilized
value.

We investigated the reasons for this separation of regimes and
identified 2 system properties that are relevant: the nonlinear rela-
tionships of water and sodium reabsorption based on ADH and ALD.

The arterial pressure (AP) is determined mainly by total body
water (W):
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MSP-RAP
0.07xTPR

AP=COXxTPR= XTPR=6.13W-155 (4)

The change per minute of total body water (AW) is the difference
between water intake (FLUMIN) and urine flow rate (UFL).

AW, =FLUMIN-UFL, (5)
The urine flow rate is as follows:

_ EFLHx(EFLH+35)
- 100

UFL x(1-EBDT) (6)

EFLH is the flow rate of water into the loop of Henle, and EBDT
is the fraction of water load reabsorbed from the distal nephron
tubules. EFLH can be shown to be given by:

EFLH=5000XSFDT )
PNA

PNA stands for the extracellular sodium concentration, and SFDT
stands for the flow rate of sodium into the distal tubule. Because
PNA is tightly regulated, EFLH is approximately proportional to
SFDT, which is linearly associated with sodium intake. Thus, EFLH is
positively correlated with sodium intake.

The regulation of total body water requires that AW be ap-
proximately 0 in steady state, which is the long-term condition in
ranges B and C. Thus from equation (5),

EFLHX (EFLH+35)
100

FLUMIN=UFL= x(1-EBDT) (8)

EFLH rises as sodium intake increases. To match FLUMIN, the (1— EBDT)
term has to decrease. EBDT as a function of ADH is plotted in Fig 4.

Dynamics of MAP for Different Levels of Daily Sodium Intake
Simulated by the Uttamsingh Model
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Fig 3. Dynamics of MAP for different levels of daily sodium intake simulated by the Uttamsingh model. Each color represents the dynamics for a specific daily sodium
level, ranging from 1,500 to 8,000 mg/d. The green curves represent the APs of range B (1,200-4,000 mg/d). The orange dashed ones represent range C (4,000-8,000 mg/d),

which increase linearly as sodium intake grows.
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The slope of EBDT with regard to ADH dramatically decreases
around ADH = 3.95 munit/L, which also is the boundary between
the ADH for ranges B and C. For range B, with an increase in so-
dium intake, EBDT increases to match the urine output with water
intake, thus stabilizing the total body water. For range C, with the
increase in sodium intake, ADH accumulates but EBDT reaches its
upper bound, thus ceasing to regulate total body water effectively.
This is reflected in the increase in the system’s regulation time to
reach a stabilized state as sodium intake increases in range C.

The second regulatory factor is the concentration of ALD. The
sodium flow rate in urine (UNA) is the difference between SFDT
and the sodium reabsorption ratio (SDTR), which is mediated by
ALD. In range B, ALD concentration is generally above 85ng/L (on
the right in Fig 4). Within this range, SDTR as a function of ALD has
a smaller slope compared with range C, which has an ALD concen-
tration below 85 ng/L. The 2 ranges once again reside on 2 parts of
a nonlinear function.

Confirming the hypothesis that the separation of 2 regimes
results from the nonlinearity of ADH and ALD, we replace the ADH
versus EBDT and ALD versus SDTR functions with a wider linear
range counterpart (the dashed lines in Fig 4). The resulting dy-
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namics are plotted in Fig 5. We see that there is no sodium-inde-
pendent regime. The resulting MAP is generally linearly associated
with the daily sodium intake.

ADH and ALD together regulate the water/sodium balance of
the body. Based on different sodium intakes, the reabsorption ratio
of water and sodium in the distal tubule is plotted in Fig 6. In range
B, a lower fraction of water is reabsorbed although the system
retains a high percentage of sodium. In range C, sodium is elim-
inated at a progressively higher ratio as sodium intake increases,
indicating sodium saturation. As a result, based on the way EBDT
and SDTR are defined by ADH and ALD, respectively, ranges B and
C are 2 distinct physiologic regimes, in which the former retains
sodium and the latter excretes sodium.

Anomalous behavior for low sodium intake in the
Uttamsingh model

As noted earlier for low sodium intake (<1,200mg/d), the MAP
from the simulation grows without bound. Upon examining the
dynamics, we find the sodium concentration in plasma (PNA)
drops rapidly, to the point of hyponatremia (a condition defined as

A Nonlinear Reabsorption Ratio of Water and Sodium in the Distal Tubule
Mediated by Hormones
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Fig 4. Nonlinear reabsorption ratio of water and sodium in the distal tubule mediated by hormones. A, The fraction of water load reabsorbed in the distal nephron segments
(EBDT) as a function of ADH concentration in blood plasma is shown. The red line (ADH = 3.95 munit/L) separates ranges B and C. In range B (ADH lies below 3.95), EBDT
increases as a function of ADH concentration, whereas in range C (ADH lies above 3.95), it is almost constant. B, The reabsorption ratio of sodium in the distal convoluted
tubule (SDTR) as a function of ALD concentration in blood plasma is shown. The red line (85ng/L) separates ranges B and C, with range B to the right and C to the left. Al-
though the SDTR of both range B (ALD lies above 85ng/L) and range C (ALD lies below 85ng/L) increases as ALD increases, it increases in range C at a much greater rate than
in range B. A and B, The orange dashed line shows a linear counterpart used to test the hypothesis that the nonlinearity of these 2 functions gives rise to the different regimes.
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Dynamics of MAP for Different Levels of Daily Sodium Intake
After Linearizing the ADH and ALD Response
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Fig 5. Dynamics of MAP for different levels of daily sodium intake after linearizing the ADH and ALD response. Each color represents the dynamics for a specific daily
sodium level, ranging from 1,500 to 10,000 mg/d. The relation between ADH/EBDT is replaced with a 2-segmented linear function as the dashed line plotted in Fig 4A.
The relation between ALD/SDTR is replaced with a 2-segmented linear function as the dashed line plotted in Fig 4B. With replaced functions, the MAP in range B cease

to converge.

PNA < 135 mEq/L; symptoms include headache, nausea, and poor
balance) and the system fails to effectively regulate its total body
water within the normal range of +0.2% of the body mass per
day,B233 as in Fig 7. At this low end, the simulation cannot reach a
steady state, so the MAP values shown here are not to be expected
in observation. The results in this domain do not correspond to
a relevant physiologic regime under normal human dietary con-
ditions. Therefore, empirical data are absent in formulating the
Uttamsingh model for this range. Moreover, results in this range
should not be considered to be predictive. Although the use of a
model cannot definitely indicate the harm, this anomaly is congru-
ent with the importance of sodium for physiologic functions and
is consistent with the claim that extreme low dietary sodium can
be hazardous, especially when considering health outcomes be-
yond blood pressure.**3*% The uncertain physiologic outcomes in
the low range call for further study to expand the understanding
of their physiology, and to develop models both for the generic
population and for specific individuals.

Discussion
Limitations

This study is subject to the inherent limitations of the model-
ing methodologies of the Uttamsingh model and HumMod. As
noted by Rosenblueth and Wiener,®”! “No substantial part of
the universe is so simple that it can be grasped and controlled
without abstraction,” let alone one of the most complex entities
of the universe—the human body. Hence, it is sometimes said,
“All models are wrong, but some are useful."®3% The available
empirical data are insufficient to determine the many parame-
ters of the empirically motivated models we report on, or the
overall reliability of those models. These limitations should mo-
tivate better approaches to theoretical modeling and a tighter
link between empirical studies and theoretical analysis.**4" The
purpose of this study is not to develop new models or to pre-
cisely predict physiologic outcomes or to propose yet another

recommendation for sodium intake, but rather to point out the
disagreement between the current low-sodium policy and the
results from both empirical research and empirically derived
mathematical modeling.

Thus, we note that the original Guyton model, the Uttamsingh
model, and HumMod are all limited in their own ways. Although
the Guyton model has greatly advanced the understanding of
the cardiovascular system, some of its fundamental assumptions
have been widely debated.2#* Validity tests show that it has a
relatively poor agreement with empirical observation when
simulating the MAP change during the switch from a very low
sodium diet to a high one.*¥ The Uttamsingh model extended
the Guyton model by introducing macula densa sodium flow to
adjust rennin flow and provided a more detailed description of
some hormonal effects. Similar to the Guyton model, however,
the Uttamsingh model underestimates the importance of the
nervous system in regulating AR™! which is further extended
in contemporary models.”®! As for HumMod, in our validity test,
simulating with recommended water intake of 2.5L/d and potas-
sium intake of 90 mmol/d,?>?¢! even with a sodium intake as low
as the recommended level of 2,300 mg/d, the stabilized plasma
sodium concentration in HumMod reaches 150 mEq/L, which is
beyond the normal regulation range of 135-145 mEq/L and is
considered hypernatremia. Moreover, the system is overly sensi-
tive to potassium intake. For example, increasing the potassium
intake to 120 mmol/d (recommended by the U.S. Institute of
Medicine*”)) while maintaining other intakes will lead to a sta-
bilized plasma sodium concentration of 156 mEq/L, which is far
outside of the healthy range.

We further note that the salt sensitivity may vary based on the
individual. The factors include, but are not limited to, race, sex,
age, and hypertension.®-3 |n the formulation of the Uttamsingh
model, a reference normotensive male of 70kg was used and
physiology measurements (total body water, total body sodium,
etc) were set accordingly. Absent comparisons with empirical data,
simulation results should not be extrapolated and the simulated
optimal intake level should not be viewed as a general guideline.



Shen et al

www.progprevmed.com

Nonlinear Behavior of Physiological Measurements
A in the Uttamsingh Model
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Fig 6. Nonlinear behavior of physiologic measurements in the Uttamsingh model. When water and potassium daily intakes are fixed to the WHO recommendation level,
EBDT, SDTR, and AP are all plotted as functions of sodium intake. Different colors are used to label the ranges as previously defined. A and B, The reabsorption ratio of
water and sodium is shown. In range B (green area), the system is retaining sodium (high absorption ratio) and excreting water (relatively low reabsorption ratio). In range
C (orange area), the system is retaining water but eliminating sodium. C, The stabilized MAP in Fig 2 for comparison is shown.

Conclusions

Based on the Uttamsingh model, for the middle sodium intake
range (1,200-4,000 mg/d), the MAP is maintainedin a healthy range
across the range of intakes. In the higher range (>4,000mg/d),
increasing MAP is associated with increasing sodium intake. The
physiologic status in the low dietary sodium range (<1,000 mg/d)
remains unclear, but the simulation suggests that the physiologic
system can become unstable in this range.

Overall, our simulation supports the U-shape theory of dietary
sodium intake, which posits a physiologically stable range for in-
termediate sodium intake levels, and the potential harm of both
low and high sodium intake. Although the literature considers
the potential harm of low sodium intake, the frequent advocacy
of lower intake should prompt the clearly stated qualification: a
dangerously low sodium intake is possible. This is not surprising,
given that sodium is an essential nutrient. The value for optimal
sodium consumption varies across individuals and activity levels.
Nevertheless, it is reasonable to suggest that current recommen-
dations need to be reevaluated. The discrepancy between the

recommended levels (1,500 and 2,000 mg/d) and values that lead
to the lowest major CVD event rates (approximately 4,300 mg/d)
can have several reasons. These include the variance in measuring
actual sodium intake (urinary versus dietary), variance in measur-
ing outcome (blood pressure versus cardiovascular event rates),
and factors other than sodium contributing to health.! Although
the high sodium intake range has been shown to be harmful,
decreasing intake from the social status quo to the recommen-
dations requires more compelling evidence. Regulatory changes
from sodium retention to sodium excretion at approximately
4,000 mg/d suggest an evolutionary optimality. This observation
is consistent with both naturally occurring consumption patterns
and recent empirical studies.l'#?”!

Our result provides a self-consistent picture of the role of so-
dium regulation and the effect of sodium on overall health. We
find that the transition point between sodium retention for low
sodium intakes and sodium excretion for high intakes is consist-
ent with the optimal sodium intake levels in empirical studies. The
plausibility of this argument does not guarantee its accuracy but
points to the opportunity for new research to validate it.
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Sodium and Total Body Water Regulation Based on Extremely Low Sodium Intake
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Fig 7. Sodium and total body water regulation based on extremely low sodium intake simulated in the Uttamsingh model. Total body water for sodium intake of 500 mg/d
(red curve) compared with sodium intake of 4,500 mg/d (blue curve). A, The dynamics of plasma sodium concentration (PNA) is shown. When falling into the pink range,
it is considered hyponatremia. B, The dynamics of total body water, which the system fails to regulate within the normal range of +0.2% of body mass, is shown. Because
of the limitations of empirical data used in constructing the Uttamsingh model, these results should not be considered to have predicative utility but rather to motivate
additional empirical and theoretical efforts.

Acknowledgments

We thank Rachel A. Rigg and Lena Papadakis for helping with the
bibliography. We thank William Glenney, Leila Hedayatifar, and Ir-
ving Epstein for insightful comments. Some plots were made with
the help of WebPlotDigitizer.

Disclosure

The authors have no financial interest to declare in relation to the
content of this article. The Article Processing Charge was paid for by
Progress in Preventive Medicine at the discretion of the Editor-in-Chief.

References

[1].
[2].
[3].

[4].

O’Donnell MJ, Mente A, Smyth A, et al. Salt intake and cardiovascular disease:
why are the data inconsistent? Eur Heart J. 2013;34:1034-1040.

Mccarron DA. Physiology, not policy, drives sodium intake. Am ] Hypertens.
2013;26:1191-1193.

U.S. Department of Health and Human Services and U.S. Department of Ag-
riculture. 2015 - 2020 Dietary Guidelines for Americans. 8th Ed. December
2015. Available at https://health.gov/dietaryguidelines/2015/guidelines/.
Bibbins-Domingo K, Chertow GM, Coxson PG, et al. Projected effect of
dietary salt reductions on future cardiovascular disease. N Engl ] Med.
2010;362:590-599.

[5].
[6].

[7].
[8].
[9].
[10].

[11].

[12].

[13].

[14].

[15].

Kotchen TA, Cowley AW Jr, Frohlich ED. Salt in health and disease—a delicate
balance. N Engl ] Med. 2013;368:2531-2532.

Cook NR, Cutler JA, Obarzanek E, et al. Long term effects of dietary sodium
reduction on cardiovascular disease outcomes: observational follow-up of
the trials of hypertension prevention . BMJ. 2007;334:885-888.

Cook NR, Appel L], Whelton PK. Lower levels of sodium intake and reduced
cardiovascular risk. Circulation. 2014;129:981-989.

WHO. Guideline: Sodium intake for adults and children. Geneva, Switzer-
land: World Health Organization; 2012.

Yancy CW. Sodium restriction in heart failure: too much uncertainty-do the
Trials. JAMA Intern Med. 2018;178:1700-1701.

Mitka M. IOM report: Evidence fails to support guidelines for dietary salt
reduction. JAMA - ] Am Med Assoc. 2013;309:2535-2536.

Graudal N. A radical sodium reduction policy is not supported by random-
ized controlled trials or observational studies: grading the evidence. Am J
Hypertens. 2016;29:543-548.

Heaney RP. Sodium: how and how not to set a nutrient intake recommenda-
tion. Am ] Hypertens. 2013;26:1194-1197.

Graudal N, Jirgens G, Baslund B, et al. Compared with usual sodium intake,
low- and excessive-sodium diets are associated with increased mortality: a
meta-analysis. Am ] Hypertens. 2014;27:1129-1137.

Nejati-Namin S, Ataie-Jafari A, Amirkalali B, et al. Adherence to the dietary
approaches to stop hypertension eating plan in candidates awaiting coronary
artery bypass graft surgery, Tehran, Iran. Nutr Diet. 2013;70:27-34.
Farquhar WB, Edwards DG, Jurkovitz CT, et al. Dietary sodium and
health: more than just blood pressure. ] Am Coll Cardiol. 2015;65:
1042-1050.


https://health.gov/dietaryguidelines/2015/guidelines/

Shen et al

[16].

[17].

[18].

[19].

[20].
[21].
[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

Alkerwi A, Sauvageot N, Nau A, et al. Population compliance with natio-
nal dietary recommendations and its determinants: findings from the ORI-
SCAV-LUX study. Br ] Nutr. 2012;108:2083-2092.

Graudal NA, Gallge AM, Garred P. Effects of sodium restriction on blood
pressure, renin, aldosterone, catecholamines, cholesterols, and triglyceride: a
meta-analysis. JAMA. 1998;279:1383-1391.

Alderman MH, Cohen HW. Dietary sodium intake and cardiovascular mor-
tality: controversy resolved? Curr Hypertens Rep. 2012;14:193-201.

Mente A, O’Donnell M, Rangarajan S, et al. Urinary sodium excretion, blood
pressure, cardiovascular disease, and mortality: a community-level prospec-
tive epidemiological cohort study. Lancet. 2018;392:496-506.

Uttamsingh RJ, Leaning MS, Bushman JA, et al. Mathematical model of the
human renal system. Med Biol Eng Comput. 1985;23:525-535.

Hester RL, Brown AJ, Husband L, et al. HumMod: a modeling environment
for the simulation of integrative human physiology. Front Physiol. 2011;2:12.
Guyton AC, Coleman TG, Granger HJ. Circulation: overall regulation. Annu
Rev Physiol. 1972;34:13-46.

Moss R, Grosse T, Marchant I, et al. Virtual patients and sensitivity analysis
of the Guyton model of blood pressure regulation: towards individualized
models of whole-body physiology. PLoS Comput Biol. 2012;8:¢1002571.
Watson PE, Watson ID, Batt RD. Total body water volumes for adult males
and females estimated from simple anthropometric measurements. Am J
Clin Nutr. 1980;33:27-39.

Grandjean A. Water Requirements, Impinging Factors and Recommended
Intakes. [online] 2004. Available at: http://www.who.int/water_sanitation_
health/dwq/nutwaterrequir.pdf.

WHO. Guideline: Potassium Intake for Adults and Children. Geneva, Switz-
erland: World Health Organization; 2012.

Rodrigues SL, Souza Junior PR, Pimentel EB, et al. Relationship between salt
consumption measured by 24-h urine collection and blood pressure in the
adult population of Vitoria . Braz ] Med Biol Res. 2015;48:728-735.
Dehghan M, Mente A, Zhang X, et al; Prospective Urban Rural Epidemi-
ology study investigators. Associations of fats and carbohydrate intake with
cardiovascular disease and mortality in 18 countries from five continents : a
prospective cohort study. Lancet. 2017;390:2050-2062.

Archer E, Lavie CJ, Hill JO. The failure to measure dietary intake engendered
a fictional discourse on diet-disease relations. Front Nutr. 2018;5:105.
Archer E, Pavela G, Lavie CJ. The inadmissibility of what we eat in America
and NHANES dietary data in nutrition and obesity research and the scientific
formulation of national dietary guidelines. Mayo Clin Proc. 2015;90:911-926.
Kawasaki T, Itoh K, Uezono K, et al. A simple method for estimating 24h u-
rinary sodium and potassium excretion from second morning voiding urine
specimen in adults. Clin Exp Pharmacol Physiol. 1993;20:7-14.

Bossingham M]J, Carnell NS, Campbell WW. Water balance, hydration sta-
tus, and fat-free mass hydration in younger and older adults. Am J Clin Nutr.
2005;81:1342-1350.

James L. Fluid and electrolyte balance during dietary restriction. 2012.
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/10138. Accessed
March 5, 2019.

(34]

[35].

[36].

[37].

[38].
[39].

[40].
[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].
[51].
[52].

[53].

www.progprevmed.com

. O’Donnell MJ, Yusuf S, Mente A, et al. Urinary sodium and potassium excre-
tion and risk of cardiovascular events. JAMA. 2011;306:2229-2238.
DiNicolantonio JJ, Niazi AK, Sadaf R, et al. Dietary sodium restriction: take
it with a grain of salt. Am J Med. 2013;126:951-955.

Thomas MC, Moran J, Forsblom C, et al; FinnDiane Study Group. The as-
sociation between dietary sodium intake, ESRD, and all-cause mortality in
patients with type 1 diabetes. Diabetes Care. 2011;34:861-866.

Rosenblueth A, Wiener N. The Role of Models in Science. Source : Philoso-
phy of Science, vol. 12, no. 4 (Oct., 1945), pp. 316-321. Published by: the Uni-
versity of Chicago Press on behalf of the Philosophy of Science Association.
Philosophy. 2011;12:316-321.

George EP. Box. Science and statistics. ] Am Statistic Assoc. 1976;71:791-799.
Sterman JD. All models are wrong;: reflections on becoming a systems scien-
tist. Syst Dyn Rev. 2002;18:501-531.

Bar-Yam Y. The limits of phenomenology: from behaviorism to drug testing
and engineering design. Complexity. 2016;21:181-189.

Bar-Yam Y. From big data to important information. Complexity. 2016;
21:73-98.

Magder S. Point:counterpoint: the classical Guyton view that mean systemic
pressure, right atrial pressure, and venous resistance govern venous return
is/is not correct. ] Appl Physiol. 2006;101:1523-1525.

Brengelmann GL. A critical analysis of the view that right atrial pres-
sure determines venous return. J Appl Physiol. 2003;94:849-859.
doi:10.1152/japplphysiol.00868.2002

Kurtz TW, DiCarlo SE, Pravenec M, et al. Testing computer models pre-
dicting human responses to a high-salt diet implications for understand-
ing mechanisms of salt-sensitive hypertension. Hypertension. 2018;72:
1407-1416.

Malpas S. Editorial comment: Montani versus Osborn exchange of views.
Exp Physiol. 2009;94:381-382.

Karaaslan F, Denizhan Y, Kayserilioglu A, et al. Long-term mathematical
model involving renal sympathetic nerve activity, arterial pressure, and so-
dium excretion. Ann Biomed Eng. 2005;33:1607-1630.

Institute of Medicine. Dietary Reference Intakes for Water, Potassium, So-
dium, Chloride, and Sulfate. Washington, DC: The National Academies
Press; 2005.

Weder AB, Gleiberman L, Sachdeva A. Whites excrete a water load more rap-
idly than blacks. Hypertension. 2009;53:715-718.

Kojima S, Murakami K, Kimura G, et al. A gender difference in the associa-
tion between salt sensitivity and family history of hypertension. Am ] Hyper-
tens. 1992;5:1-7.

Weinberger MH. Sodium sensitivity of blood pressure. Curr Opin Nephrol
Hypertens. 1993;2:935-939.

Campese VM. Salt sensitivity in hypertension. Renal and cardiovascular im-
plications. Hypertension. 1994;23:531-550.

Sullivan JM, Prewitt RL, Ratts TE. Sodium sensitivity in normotensive and
borderline hypertensive humans. Am J Med Sci. 1988;295:370-377.
Morimoto A, Uzu T, Fujii T, et al. Sodium sensitivity and cardiovascular e-
vents in patients with essential hypertension. Lancet. 1997;350:1734-1737.


http://www.who.int/water_sanitation_health/dwq/nutwaterrequir.pdf
http://www.who.int/water_sanitation_health/dwq/nutwaterrequir.pdf
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/10138

