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Abstract

The objective of this study is to investigate the effects of hypovolemia on hyperglycemia-
induced hyponatremia in diabetes mellitus type 1 (DMT1). Because of the change in osmolarity
due to increased serum glucose, the serum sodium concentration may be relative and may not
reflect the actual concentration of sodium. Although it has been accepted that serum sodium
must be corrected by a factor of 1.6 during hyperglycemia-induced hyponatremia, recent
studies suggest that the correction factor is much higher when serum glucose is higher than
400 mg/dL. In this study we designed a state-based model to provide a generalized approach
to the correction factor of serum sodium when hypovolemia occurs in high serum glucose in
chronic or uncontrolled hyperglycemia in DMT1. In this simulation study, we demonstrated that
the intravenous (IV) injection of 1000 mOsm glucose bolus cause rapid fluid shift among the
body fluid compartments. This fluid shift momentarily causes an expansion of the Extracellular
Fluid (ECF) and the Intracellular Fluid (ICF) fluid compartments. However, after rapid glucose
metabolism, some of the plasma fluid will be excreted when the kidney absorptive capacity
is exceeded. The initial loss of water from the plasma fluid compartment will be redistributed
among the body fluid compartments by the effect of osmosis. This fluid redistribution relatively
reduces the effective fluid loss from the plasma fluid compartments, which in turn causes the
loss of electrolytes proportionally. The overall loss of fluid not only causes contraction of plasma
fluid but also contraction of ICF. A correction factor for sodium may be as high as 5.5 at high
Hemoglobin Alc (HbAlc) levels. Hyperglycemia causes electrolytes and fluids disturbances
that can be predicted using state-based modeling and simulation models using a data-based
empirical function of insulin resistance/insufficiency at a priori HbAlc level.
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Glossary

ECF Extracellular fluid (L)

ICF Intracellular fluid (L)

ICFI Intracellular fluid of insulin insensitive tissues (L)
ICFS Intracellular fluid of insulin sensitive tissues (L)
[G].\'i Glucose concentration in state s, (mg/dL)
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Glucose concentration threshold of the kidney (mg/
[G]TI du) n Sodium concentration correction factor
’ [a']
G Glucose bolus (mOsm)
i
n Potassium concentration correction factor
G Glucose content in state s, (mOsm) [K*}
si
G Glucose content of ECF in state s, (mOsm) Osi Osmolarity in state s, (mOsm/L)
Si
G Glucose content of ICFI in state s, (mOsm) Fluid volume excreted (L)
si i excreted
G Excess glucose in state s, (mOsm) V‘j"f Fluid volume of ECF in state s, (L)
excess St
Excreted glucose by the kidney (mOsm) fofﬁ Fluid volume of ICFl in state s (L)
excreted si !
Gz y Total glucose in state s, (mOsm) ViCﬁ Fluid volume of ICFS in state s, (L)
= si
_shift . . .
[ch] Potassium concentration in state s, (mEq/L) V:;Cf Shif Fluid volume shift to or from ECF in state s (L)
Si
V’:Cﬁ"vhiﬂ Fluid volume shift to or from ICFl in state s (L)
I:Na+:| Sodium concentration in state s, (mEq/L) St
si
V! Total fluid volume in state s, (L)
St
Na+ Sodium content excreted (mEq)
excreted TBW Total body water (L)
Introduction [30-32]. Because of the uptake of glucose by some tissues is

Currently, there are 1.6 million patients with Diabetes Mellitus
Type 1 (DMT1) in the USA and more than 460 million worldwide
[1-3]. In the USA, the health cost associated with DMT1 was
estimated to be more than $325 billion in 2017 [4,5]. When
managed properly, a patient with DMT1 can live a normal life. The
average life expectancy of patient with DMT1 is currently 66 and
68 years for men and women respectively [6-8]. Although, DMT1
is considered sporadic with low heritance risk, environmental
conditions have significance impact on genetically predisposed
patients when exposed to infections that provoke autoimmune
reactions. Consequently, DMT1 results from the chronic
autoimmune destruction of beta cells of the pancreas [9-11].
DMT1 is typically diagnosed in childhood after a viral infection or
an inflammatory condition. Treatment of DMT1 is a lifelong daily
injection of exogenous insulin. Long term complications of DMT1
include retinopathy, neuropathy, nephropathy, cardiovascular
diseases, and dementia [12-20]. In poorly managed DMT],
ketoacidosis can occur, and if left untreated it may lead to brain
edema, brain injury, and rarely death [21-26]. Nonetheless,
despite advance in management and treatment, death from
ketoacidosis is still a potential risk [27-29].

Uncontrolled increase of serum glucose level is associated
with decrease serum sodium concentration. This hyperglycemia-
induced hyponatremia is caused by cyclic attempts of the body
to compensate for the continuous loss of water and electrolytes

insulin sensitive, the equilibrium of glucose concentration is
not uniform throughout the body. Consequently, fluid will shift
between the body compartments to maintain serum osmolarity
close to normal as much as possible [33-36]. This fluid shift
will inevitably change the concentration of serum electrolytes
[37,38]. Although the kidneys will attempt to maintain glucose
homeostasis, a correcting for electrolytes and water is necessary
to maintain important bodily functions [39,40]. The correction by
a factor of 2.8, as predicted by the body volume compartments
proportionality, has been shown to be appropriate when
glucose concentration exceeds 400 mg/dL [41]. Earlier on, Katz
demonstrated that a factor of 1.6 would be enough in acute
changes of serum glucose [42]. Others have suggested more
tight correction factors to account for metabolic effects of insulin
sensitive and insulin non-sensitive tissues [43]. The objective of
this study was to investigate serum electrolytes disturbances
in patients with DMT1 during severe hyperglycemia. Thus, the
overall specific aim of this study was to demonstrate through
simulation that the sodium concentration correction factor is
much higher than that estimated by Katz’s study.

The purpose of this simulation is to better understand the
effects of hyperglycemia on electrolytes and fluid volumes, as
well as how these changes contribute to the risks of diabetic
ketoacidosis and cerebral edema. Although the effects of
hyperglycemia on brain edema are not fully understood,
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increased glucose has definite effects on fluid volumes and
electrolytes and thus has many ways that may lead to neuronal
damage especially in the hippocampus. It has been established
that increase serum glucose causes direct damage on small
vessels [44-46]. In addition, hyperglycemia has been associated
with fluid volume and electrolytes loss [47-48]. Imbalance in
fluid volumes and electrolytes stimulates autoregulation in
sensitive tissues such as the brain, which may lead to brain
edema or brain tissues shrinking [49]. Therefore, a critical review
of the effects of increased serum glucose on body fluid volume
compartments and electrolytes is warranted. This simulation
addresses three main specific aims. The first aim is to investigate
the extent of volume loss during hyperglycemia. The second aim
is to investigate how and where glucose accumulates. The third
aim is to investigate whether maintaining fluid and electrolytes
balance could be a potential intervention for reducing the risks of
diabetic ketoacidosis and brain edema. In this study, we will focus
on the patients with DMT1. We propose a generalized approach
that will account for the effects of hypovolemia induced by the
chronic elevated serum glucose using state-based modeling and
simulation models using a data-based empirical function of insulin
resistance/insufficiency at a priori hemoglobin Alc (HbA1c) level.
The rationale of using HbA1lc instead of measured blood glucose
is to incorporate the capacity of the pancreas through a sigmoid
function model described by experimental data.

Methodology

The objective of this study was toinvestigate serum electrolytes
disturbances in patients with DMT1 during severe hyperglycemia.
For emergency interventions of severe hyperglycemia, quasi-
stable state model is most appropriate when vital signs can
be assessed through immediate measurements. In normal
management, a patient with DMT1 is currently accomplished
using daily application of insulin or automated insulin delivery
systems. Thus, under these management conditions, patients
with DMT1 should not fall into severe hyperglycemia and
ketoacidosis when these systems are working properly. However,
when these patients spiral into serious conditions, they are
usually admitted and managed by aggressive fluid resuscitation
and insulin injection. In the next sections, we describe the design
of this simulation study using a quasi-stable state model. The
model represents the accumulation, absorption, and excretion
of excess glucose following the action of exogenous insulin
and kidney fluid regulation in patients with DMT1. We used
reference values for body fluid compartments volumes and
serum electrolytes used by Katz to allow for comparison (Table
1). In section 2.1, we described an HbAlc-varying state model
that governs the transitions of the simulation. In section 2.2,
we described the normal glucose metabolism and state Katz’s
basis for serum electrolytes concentrations correction. In section
2.3, we described how glucose is accumulated, absorbed, and
excreted in patients with DMT1 using a state-based model to
infer correction factors for serum electrolytes concentrations.
We used the notation [*] to indicate concentration of a solute
and the notation V)’ to indicate its associated volume. The
superscript refers to the compartment, and the subscript refers
to the state of the model. For the mass of a solute, we used the
term “content” instead of the term “mass”. Finally, we listed the
assumptions of the model in Table 2.

Table 1: Normal body fluid compartments volumes and serum
electrolytes concentration reference values. Fluid compartments
include TBW (total body water), ICFS (intracellular fluid of insulin
sensitive tissues), ICFI (intracellular fluid of insulin insensitive
tissues), ECF (extracellular fluid), ISF (interstitium fluid), and PF
(plasma fluid).

Body fluid compartments volumes Serum Electrolytes

TBW(L) 42 Sodium (mEq/L) 140
ICFS(L) 23 Potassium (mEq/L) 4.5
ICFI(L) 5 Glucose (mg/dL) 90
ECF(L) 14 | BUN (mg/dL) 15
ISF(L) 11 Creatinine (mg/dL) 1.05
PF(L) 3 Calcium (mg/dL) 9.5

Table 2: The list of the main assumptions of the model.

Model Assumptions

e All body fluid compartments, and concentrations values used are adapted
from published references.

e The model has only one cycle of 5 hours, which represents the duration of
the diagnostic glucose challenge test.

¢ The insulin resistance/insufficiency function was designed using published
Matsuda index data.

e Kidney glucose threshold function was designed using published data.

e The complete blood osmolarity that includes sodium, potassium, glucose,
and blood urea nitrogen (BUN) was used.

e The model starts immediately after the injection of 1000 mOsm intravenous
(IV) glucose bolus.

¢ The insulin resistance/insufficiency function simulates the glucose that can
enters the intracellular fluid of insulin sensitive tissues (ICFS).

e The IV glucose bolus is the main source of glucose. No other source of
glucose is considered.

HbA1c-Varying Model Design

Glucose metabolism is accomplished through many
mechanisms that take place concurrently. Membrane proteins
(glucose transporters, GLUTs) govern cellular glucose absorption,
some of which are integrated into the cell membrane by the action
of insulin. Sodium dependent glucose transporters (S-GLUT)
regulate cellular glucose uptake in the gut and kidney. Normally,
glucose uptake is accomplished by insulin-sensitive and insulin-
insensitive tissues [50]. However, in patients with DMT1, glucose
metabolism depends mostly on exogenous insulin intake in severe
hyperglycemia because glucose uptake by insulin-insensitive
tissues is not enough to manage the patient. In this case, abnormal
glucose metabolism may occur despite therapeutic management.
Any excess glucose that was not used by insulin sensitive tissues
may accumulate in ECF due to either insulin resistance or insulin
insufficiency. The excess glucose beyond the absorptive capacity
of the kidney may be excreted in the urine pulling equivalent
water and electrolytes with it. Normally, a patient with DMT1
is managed with a regimen of exogenous insulin to maintain an
HbA1lc level under 7.0. However, HbAlc level can be elevated
in a poorly managed patient due to either insulin resistance or
insufficiency.

To assess the dynamics of body fluid compartments volumes
and serum electrolytes, we designed a state model that
represents the effects of insulin action and kidney fluid regulatory
mechanisms. Mathematical models of glucose metabolism are
based on differential equations that describe the dynamics of

mpphe-202409001

MedPress Publications LLC



Ferdjallah M

MedPress Public Health and Epidemiology

glucose and insulin feedbacks to regulate blood glucose [51,52].
These models have several parameters and depend on initial and
boundary conditions with many assumptions that may not be
accurate during severe hyperglycemia and ketoacidosis. These
models are often implemented by numerical models and require
complex computational systems. In addition, the differential
equation modeling assumes dynamic perturbations around an
equilibrium level to maintain homeostasis, which may not be
possible under these conditions. For emergency interventions
of severe hyperglycemia, quasi-stable state model is most
appropriate when vital signs can be assessed through immediate
measurements. In this study, we propose a model that represents
an expansion of Katz’s study, in which we defined quasi-stable
independent states representing the actions of insulin and the
kidney. Katz’s model describes body volume changes before and
after the IV injection of glucose bolus.

)

So— Normal State

S — Steady State:
Patient’s FBG

B

SSS

Ny

S — Hypovelumic
State: After Kidney
Action

S 81— Isovolumic State:
1 Immediately after IV
Bolus Glucose

Loss of Water &
Electrolytes

Figure 1: State model for the simulation of hyperglycemia effects on body fluid
compartments volumes and serum electrolytes concentrations. The functional
state model consists of five quasi-stable states S S S Sy and S,. S, represents
the steady state of the patient’s fasting blood glucose. S, represents the steady
state before the injection of IV glucose bolus. S, represents the isovolumic state
immediately after IV injection of glucose bolus and before the action of insulin
and the kidney. S, represents the isovolumic state after the action of insulin. S,
represents the hypovolemic state after the action of the kidney and the loss of

water and electrolytes.

82— Isovolumic State:
After Insulin Action

Figure 1 illustrates a functional state model that consists
of six quasi-stable states S, S, S,, S,, and S,. S_ represents the
steady state of the patient’s fasting blood glucose. S, represents
the steady state before the injection of IV glucose bolus. S,
represents the isovolumic state immediately after IV injection of
glucose bolus. S, represents the isovolumic state after the action
of insulin. S, represents the hypovolemic state after the action of
the kidney and the loss of water and electrolytes. These states
represent the body fluid compartments volumes before and after
the infusion of IV glucose bolus during one cycle of simulation.
We define a cycle of simulation as a period of 5 hours, which
represents the time allocated to perform the diagnostic glucose
tolerance test. During a cycle no glucose or fluids is added to
the body system. In addition, we assume that no endogenous
glucose is generated during a simulation cycle. The model
simulates glucose uptake by insulin sensitive tissues as a function
of insulin resistance/insufficiency. Furthermore, we assume the
action of insulin is faster than that of the kidney. For instance,
when the system is in state S, neither state S, nor state S, are

activated. When the system transitions from state S, it would
move to state S, before moving to state S, and so on. Similar to
Katz’s model, the rationale of assuming steady states is to assist
health care providers to predict emergency clinical interventions
during severe hyperglycemia and ketoacidosis based on patients
measured vital data. Although patients with DMT1 are generally
managed with exogenous insulin to maintain an HbAlc level
under 7.0, to illustrate poor management or poor compliance,
the simulation model allows levels of HbAlc ranging from 4.0 to
9.0. At high levels of HbAlc the risks for ketoacidosis can lead to
severe complications.

Several studies investigated the correlation between insulin
secretion and beta cell mass [53-56]. In DMT1, beta cells mass
is negligible; however, when managed properly with exogenous
insulin, patients with DMT1 would have an equivalent of 100%
of beta cell mass with a full apparent function. Therefore, an
exogenous dose of insulin, whether appropriate or not, would
represent an equivalent percent of beta cells mass that secretes
the same content of insulin. Matsuda index represents the ability
of beta cells to secrete insulin and maintain an HbAlc level that
corresponds to the fasting blood glucose of the patient. The
Matsuda index is an empirical expression that relates insulin
and glucose levels during an oral glucose tolerance test with five
measurements at 0, 30, 60, 90 and 120 min. Thus, the Matsuda
index represents the functional ability of beta cell mass to secrete
the corresponding level of insulin. We used published studies
that relates Matsuda index to HbA1c level to design a normalized
empirical function, f(h), to simulate beta cell mass. The function
f(h) represents the percent insulin resistance/insufficiency as a
function of HbA1c level, which is denoted by h. The function f(h)
is a unit function derived from an inverted normalized Matsuda
index curve generated in reference [57]. The function f(h) can
be approximated by an expression, which is regulated by a
mass dependent process of beta cells [58]. The function f(h) is
expressed as follows:

KO

h) =
e 1+ 0, exp(-r(h—hy))

Equation 1 represents a nonlinear relationship between HbAlc
level, and the percent of beta cells mass as depicted in Figure
2(A). The least square method based on the modified Newton
criterion was used to estimate the parameters of Equation 1
[59,60]. The parameters of Equation 1 are estimated as K, =
0.9, Q,=0.3,r=15, and h, = 6.5. To simulate the association
between HbA1c level and function of beta cells, we assumed that
insulin resistance/insufficiency is reduced to half (50% decrease
in beta cells’ function), when there is a loss of nearly 90% of beta
cells mass, which occurs around an HbAlc level of 7.0. Insulin
resistance/insufficiency can be represented by the function f(h)
but with a shift parameter h, equal to 7.0 as illustrated by Figure
2(B). In the case of insulin resistance, beta cell function may not
change; however, peripheral tissue resistance to insulin would
result in an apparent functional decrease in beta cells. Therefore,
Equation 1 can also be used for insulin resistance.

Normal Glucose Metabolism

To infer associations between changes in body fluid
compartments and serum increased glucose, we will use the
state model described in Figure 1 that represents the equilibrium
conditions before and after glucose metabolism following the IV
injection of glucose bolus. We denote the Total Body Water (TBW),
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Intracellular Fluid (ICF), Extracellular Fluid (ECF), Interstitium Fluid
(ISF), and plasma fluid (PF) by V¢, Vi<f, veet, \iisf and VP! respectively.
To account for the insulin-sensitive and insulin sensitive tissues,
we divided the intracellular volume into two volumes (ICFI, ICFS)
representing the insulin-insensitive and insulin-sensitive tissues
and denoted by VI and V'“s respectively. Insulin-sensitive tissues
require insulin to uptake glucose, whereas insulin-insensitive
tissues do not. We also divided the extracellular volume into ISF
and PF representing the interstitium fluid and plasma fluid. We
also denote the serum osmolarity, serum glucose, and serum
blood urea nitrogen (BUN) by O, G, and U, respectively. Just
before the IV injection of the glucose bolus, the serum osmolarity
is expressed as follows:

IRI{fac), BCM (%)
(=] (=] (=]
= > =

=]

(5]
T
°

4 4.5 5 5.5 6 6.5 7 75 8 8.5 9
HbA1c (%)
Figure 2: (A) BCM (%) - normalized beta cell mass and (B) IRI (fac) - normalized
insulin resistance/insufficiency as functions of hemoglobin Alc (HbA1c) level.

. 1 1

UK Ji e [Gin 45 U] — @)

Where [Na'], [K*], [G_, ) [U_,] are the concentrations
of sodium, potassium, serum glucose, and serum blood urea
nitrogen (BUN) respectively. The constants 2, 1/18, and 1/2.8
represent the effective osmoles (i.e., dissolved particles) of Na+,
K+, glucose, and BUN in the blood respectively. When glucose
increases beyond the steady state value, serum osmolarity will
change to accommodate the inability of glucose to normalize
rapidly between body fluid compartments. With the addition
of an IV glucose bolus (G,) (in mOsm) to ECF, the new serum
osmolarity is expressed as fO||OWS‘

(Oy() 90+G)___( )

sO

S, is the state representing the body fluid compartments
just after the IV glucose bolus. From Equation 3, the serum
osmolarity will increase as the serum glucose increases. Similar
to Katz study, we will assume that glucose content of ICFS is
negligible. Consequently, fluid will move from ICFS to ECF and
ICFI to accommodate for the increase in osmolarity due to the
addition of the IV glucose bolus. The portion of fluid shift to ECF is
expressed as follows:

Oy = 2[Na']

Serum

Osl =

Vi M =(VE - Vi oo ) — (4a)
VSO

icfi
VS 0
V ecf

V(L o 0. ey (@
NU N

Similarly, the portion of fluid shift to ICFI is expressed as

follows: ef
ofi—shift _ icfs SO
VSl VSO (1 O ) (Vecf V;(_(;i

) (5)

Due to this fluid volume shift, the new ECF and ICFI volumes
will then be updated and expressed as follows:

Ve = Ve #V5 - (6a)

(6b)

Since there is not fluid excretion yet, the increase in fluid
content in ECF and ICFI does not change the total body water
content. However, the change in body fluid volumes will increase
or decrease electrolytes concentrations proportionally to the
fluid shift. In particular, the new ECF concentration of sodium can
be expressed as follows:

icfi __ icfi icfi—shift
V31 - Vso +\]51 -

ecf

e
[Na* ]SO(VSES,
Consequently, the serum sodium concentration change,
with respect to the steady state sodium concentration, will be
expressed as follows:
ecf

[Na+]51 _[Na+]s0 =[Na+]SO(V€c/ 1) - (8)

According to Katz, this change in serum sodium concentration
can be proportionally correlated with the change in serum
glucose, which is expressed as follows:

(Gl ~[Gly
ER T e (0)

The relationship between the change in serum sodium
concentration (Equation 8) and blood glucose concentration
(Equation 9) is established indirectly by the estimated water shift
from ICF to ECF. This relationship is established theoretically
through proportionality principle. The relationship has been used
to estimate a correction to the measured serum sodium when the
change in blood glucose is known. It is expressed as follows:

[ 6] M,

[N‘f]v] - (7)

GS 1 GS 0

[Na"]. —[Na*], = -100) ---- (10)
[Na*]_is the corrected serum sodium concentration, [Na‘]
is the measured serum sodium concentration, and [G]_ is the
measured serum glucose concentration in (mg/dL). The normal
glucose reference level was considered equal to 100 (mg/dL). The
constant 1.6 was clinically termed the “correction factor”. For
each 100 mg/dL increase of glucose above 100 mg/dL, sodium
concentration increases by a factor of 1.6 mEg/L. In normal
individuals, with functioning pancreas and kidney, the correction
factor is equal to 0. The interpretation of the relationship,
in Equation 10, has been conflicting and has been used
indiscriminately. Proving the clinical validity of this expression
does not seem to be possible yet. The connection of this
expression to disruptions in glucose metabolism is not as trivial.
According to Katz’s original expression, the addition of glucose
bolus directly into the ECF would cause an immediate fluid shift
from the insulin sensitive tissues of ICF fluid into ECF. In the total
absence of insulin action, this assumption may be relatively
accurate. However, in the presence of insulin action, the glucose
injected in ECF will be driven into insulin sensitive tissues, and
the fluid shifted into ECF will be reversed and serum electrolytes
balance will be re-established.
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Abnormal Glucose Metabolism in DMT1

In patients with DMT1, glucose metabolism depends solely
on exogenous insulin intake. In this case abnormal glucose
metabolism may occur despite therapeutic management. Any
excess glucose that was not used by insulin sensitive tissues
may accumulate in ECF due to either insulin resistance or insulin
insufficiency. State S, represents the body fluid compartments
just after the IV glucose bolus. During state S, after the addition
of IV glucose bolus (mOsm) into ECF, the total body glucose
(mOsm) and the ECF glucose (serum) are expressed as follows:

Gly= Gy =[Gl (VL 4V Iy - (11a)
18 S0 S0

- 1 ecf
GY=G,+—[G]y, V== - (11b
=G+ lGly Vo = (11b)

We assume there is a negligible glucose in insulin sensitive
tissues (ICFS) prior to the addition of the IV glucose bolus in
ECF. The new osmolarity denoted by O_ (Equation 3) is due to
the addition of the IV glucose bolus G,. This change in osmolarity
will cause immediate shift of fluid among ICFS, ICFl, and ECF
volumes as shown by Equations 4 through 6. Insulin insensitive
tissues readily uptake glucose without the need for insulin and
thus ICFl increases as fluid follows glucose. Once the IV glucose
bolus is administered, an IV insulin dose is also administered.
The dose of insulin is selected to maintain a fasting blood glucose
that corresponds to the HbAlc level of the patient. The state S,
represents the state of the body fluid compartments after the
action of insulin followed by the action of the kidney. Immediately
after the action of insulin, and assuming that there is no significant
influx of glucose from either the liver or the kidney, the content
of glucose that is consumed by insulin-sensitive tissues of ICFS is
expressed as follows: yrich

L. (12)

Gy, =(1-f(h)G, e
50

The function f(h), illustrated in Figure 1, represents the
percent insulin resistance/insufficiency as a function of HbA1lc,
which is denoted by h. The function f(h) can be approximated by
an expression, which is regulated by a mass dependent process
of beta cells as described by Equation 1. We assume that insulin
resistance/insufficiency is proportional to the excess content of
glucose that was not utilized by the insulin sensitive tissues. Under
normal osmolar equilibrium, the IV glucose bolus will distribute
in body fluid volume compartments as such that the contents of
glucose in ECF and ICFl are expressed as follows:

icfs Kicjs
G% =G,—— — (13a)

NU
fs
VSEICS
t
S0
In the beginning of state S,, the fraction of the added glucose
that was supposed to be absorbed by insulin sensitive tissues is
expressed as follows: yrich
sl

ng;essx :f(h) Gb I./'l -—- (14)

NY

Equation 14 represents the portion of glucose that remains
in ECF and is redistributed proportionally between ECF and ICFI.
In the process of glucose uptake by insulin-sensitive tissue, there
is a decrease in serum glucose level, with respect to the initial
glucose bolus. The new total glucose and ECF glucose (serum) are
expressed as follows:

G =G, =L —— (13b)

icfs
Gy =Gy [1—(1—f(h))V“,} — (150
Vso
) V;m
Gy =Gy {1—(1—.1"(}:))%} - (15b)
Vso
A portion of the excess of glucose in ECF will be excreted
through the kidney when the glucose concentration exceeds the
glucose absorptive capacity of the kidney. In normal individuals,
the glucose absorptive capacity of the kidney is around 180 mg/
dL, whereas in diabetic patients, the glucose absorptive capacity
is between 180 and 220 mg/dL [61-63]. We model the glucose
threshold of the kidney, denoted by [G], , as a sigmoid function
of HbAlc paralleling the insulin resistance/insufficiency and
increasing from 180 mg/dL to 220 mg/dL as illustrated in Figure
3. Therefore, the glucose threshold is expressed as follows:

[G],, =180 +40f(h) ---(16)
The ECF glucose (serum) remains the same as expressed in
Equation 15b if the serum glucose does not exceed the glucose

thr

Figure 3: Kidney glucose concentration threshold as a function of hemoglobin
Alc (HbA1c) level.

threshold of Equation 16. On the other hand, if ECF glucose
exceeds that of the absorptive capacity of the kidney, a portion of
excess ECF glucose will be excreted through the kidney. Assuming
normal linear kidney clearance, the total glucose excreted by
the kidney can be estimated by the following expression as
follows:

Gexcrered = ([G]?{ - [G]thr ) V.;;f T (17)

In the process of glucose excretion by the kidney action, there
is a decrease in serum glucose level, with respect to the initial
glucose bolus. The new total glucose is expressed as follows:

icfs
G_;3 = G;'l |:f(h) S; :| - Ge,\‘creted T (183)
VSO
ec ecf Vi(ﬁ
Gséf = Gsi/ |:f(h) ;zl

NU

:| - Gexcreted - (lgb)

The portion of excreted glucose will pull fluid (mainly water)
with it due to osmotic effect. The fluid volume excreted with the
excreted glucose is expressed as follows:

Gexcreted
Vexcreted =18 G ecf - (19)
[GTs;
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The excreted fluid volume will cause an additional fluid loss
from the total body water. The new total body water is then
expressed as follows:

t t
Vs3 - Vsz' 4

excreted

— (20)

The fraction of glucose absorbed by insulin-sensitive tissues
will cause rebalancing of water among ICFI, ICFS, and ECF volumes
and creates a new state of body fluid compartment denoted by S..
The decrease in total glucose due to insulin-sensitive uptake will
cause change in osmolarity and redistribution of fluid volumes.
With this decrease in serum glucose, there will be some fluid
shift back to ICFS from ICFI and ECF, which were estimated by
Equations 4 through 6. Consequently, the new total contents of
glucose found in ICFl and ECF are expressed as follows:

f t Vgeg‘
G =Gy, | —*—| -—-(la
R 7 B

) Viq‘fi
Gl =Gy, (¢] - (21b)
Vszf +Vsif

The excess of glucose in ECF, after insulin-sensitive tissues
uptake, causes a resultant fluid shift (with respect to steady state
conditions) from ICFS to ECF and ICFIl. According to Equation 4b,
the resultant fluid shift associated with the excess glucose in ECF
is expressed as follows:

o siifi i[O 5
Vel M=V [l——}[ﬁJ — (22a)
OSZ VSO +VSO
—new ecf
G.;‘2 ][ VSO i
0,75+ G NV + 73

V= = V;:ff( ] —(22b)

Similarly, and according to Equation 5, the portion of fluid
shift in ICFl is expressed as follows:

t—new icfi

GS 2 J { VS 0
t t—new ecf icfi
OS2VSO+GSZ VSO +VS0

s =V;ff[ ] — (2

Due to the resultant fluid shift, the new ECF and ICFI volumes
will then be expressed as follows:

Vil =Veg TV (230)

Vi =V + Ve - (23b)

The active uptake of glucose by insulin-sensitive tissues and
the passive insulin-insensitive tissues uptake should allow serum
glucose to return to steady state level. Normally, when cellular
activity is maintained by sufficient glucose, the kidney will remove
the excess glucose. Assuming that the glucose in ICFS is negligible
due to insulin dependent cellular metabolism, the total new
glucose equilibrium content (mainly in ECF and ICFI) produces a
concentration that is expressed as follows:

Gss

Glg, =18 ————
= ey

— (24)

Consequently, the glucose content in ECF is expressed as
follows:

ecfi 1 ec
Gsét :E (G5, Vssf - (25)

The excreted fluid will also pull with its electrolytes
proportional to the adjusted excreted ECF volume after body
fluids redistribution as expressed in Equations 22a-c. In particular,
the content of sodium that is excreted in the urine, with respect
to the steady state, is expressed as follows:

+ +
Naexcreted = [Na ]SO V:excreted T (26)

The new sodium concentration after ECF volume contraction

is expressed as follows:

[Na* Iso Vseg/ —Na,

excreted
V@t:/
83

[Na']g, = - (27)

The change in serum sodium concentration is expressed as
follows:
ecf
VSO

M_lj -—-(28)

[Na"]g; —[Na"]5, Z[N‘f]so( oof
VS3

We will attempt to relate this change in serum sodium
concentration to the change in serum glucose according to
Katz’s Equation 10, which considers the change of glucose as the
difference between the glucose level after the IV glucose bolus
and fasting blood glucose expressed in concentration units (mg/
dL). Since the current sodium and glucose concentrations can be
estimated in state S, by Equations 25, 26, and 27, a correction
factor for the sodium concentration can be expressed as
follows:

[Na* Iss — [Na* Iss
[G]S3 _[G]SS

A similar expression can be derived for the correction factor of
the potassium concentration as follows:

[K+]s3 _ [K+]ss
[G]s3 _[G]ss

ey = Ol

By =[G, — (30)

Equations 29 and 30 estimate the proportionality factors
between the change in the concentration of serum glucose and
that of sodium and potassium respectively. These proportionally
factors provide a better theoretical estimation of the osmotic
effect caused by hyperglycinemia as a function of HbAlc level and
considering the action of exogenous insulin and the regulatory
mechanisms of the kidney.

Results

In this study, we examined hypovolemia and hyperglycemia
induced hyponatremia in DMT1 patients with HbA1lc levels ranging
from 4.0 to 9.0 using simulation and modeling analysis. We extended
the simulation study of Katz to include the effects of the action of
insulin and the absorptive capacity of the kidney. Katz's study
only looked at the body fluid inter-compartmental volume shift
after the infusion of 1000 mOsm of IV glucose bolus in the total
absence of insulin and kidney regulation. Normally, patients with
DMT1 are managed with exogenous insulin to maintain normal
glucose hemostasis. To simulate the effects of hypovolemia on
hyperglycemia induced hyponatremia, we examined the effects of
the addition of 1000 mOsm of glucose as a bolus IV injection into ECF
volume. In our simulation, we included exogenous insulin therapy to
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maintain an HbA1c level reflecting the adherence of the patient and
the complications of insulin resistance/insufficiency. We simulated
insulin resistance/insufficiency by a shifted sigmoid function as
described in Section 2.1 and is illustrated in Figure 2. The kidney
threshold for glucose clearance is described in Section 2.3 and is
illustrated in Figure 3.

Figure 4: Blood glucose concentration, water shift, extracellular fluid (ECF)
and intracellular fluid of insulin insensitive tissues (ICFI) volumes immediately
after intravenous (IV) infusion of 1000 mOsm glucose bolus as functions of
hemoglobin Alc (HbA1lc) level.

Figure 5: Sodium [Na+] and potassium [K+] concentrations immediately
after intravenous (IV) infusion of 1000 mOsm glucose bolus as functions of
hemoglobin Alc (HbA1lc) level.

Figure 6: Sodium [Na+] and potassium [K+] concentration correction factors
immediately after intravenous (IV) infusion of 1000 mOsm glucose bolus as
functions of hemoglobin Alc (HbAlc) level.

Figure 4 illustrates the changes in blood glucose and body fluid
compartments volumes immediately after the infusion of 1000
mOsm of IV glucose bolus. Blood glucose concentration increases as
HbA1c level increases. At HbAlc level of 9.0 blood glucose exceeded
1200 mg/dL. Both ECF and ICFI volumes increased while ICFS
decreased as fluid shifts from ICFS to ECF and ICFI. In particular,
ICFl increased from 4.5 (L) to 5.5 (L) at HbA1c level of 9.0. Sodium
and Potassium concentrations decreased and reached 126 and
4.0 respectively at HbAlc level of 9.0 as shown in Figure 5. In
this acute condition, the patient is severely hyponatremic with
a normal potassium level. The correction factors for sodium
and potassium concentrations are illustrated in Figure 6. At
normal HbAlc levels, the sodium correction factor is close to
that estimated by Katz’s study. At HbAlc level of 9.0, the sodium
correction factor is close to 2.5, which is much higher than that
of Katz.

Normally, the rapid increase in blood glucose concentration
would induce the secretion of insulin, which in turn allows cells
of insulin sensitive tissues to take up glucose. In patients with
DMT1, exogenous insulin is injected before or after the ingestion
of glucose rich carbohydrates. To simplify the simulation, we
assumed that the action of injected insulin would not take place
until blood glucose concentration has been stabilized after the
infusion of 1000 mOsm of IV glucose bolus. We also assumed
that insulin is injected long before the kidney starts excreting
excess glucose when blood glucose concentration reaches the
absorptive capacity of the kidney. Once insulin dose is injected

Figure 7: (A) Blood glucose concentrations after insulin action only and (B) after
kidney action as functions of hemoglobin Alc (HbAlc) level.

Figure 8: Water shift, extracellular fluid (ECF) and intracellular fluid of insulin
insensitive tissues (ICFI) volumes after the action of insulin and the kidney as
functions of hemoglobin Alc (HbAlc) level.
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at the level necessary to maintain the desired HbAlc level, some
glucose is absorbed by insulin sensitive tissues as illustrated in
Figure 7(A). From HbA1c level of 4.0 to 6.5, most of the IV infused
glucose is absorbed as the insulin dose is sufficient to drive
glucose into insulin sensitive tissues. However, as HbAlc level
increases, insulin resistance/insufficiency causes excess glucose
to accumulate in the blood to as high 750 mg/dL at HbA1lc level
of 9.0. Figure 7(A) illustrates the action of injected insulin but not
the action of the kidney yet.

However, as the blood glucose concentration exceeds the
absorptive capacity of the kidney, the kidney starts excreting the
excess glucose and attempts to maintain a blood glucose under
its threshold capacity as shown in Figure 7(B). At high HbAlc
level close to 9.0, the blood glucose concentration reaches 450
mg/dL despite the action of the kidney. However, if the kidney
action was allowed to continue beyond the period of simulation,
the kidney will ultimately reduce the blood glucose to under the
kidney glucose concentration threshold. Regardless of the final
glucose accumulation, the action of kidney results in excretion of
glucose and associated water due to osmotic effects as shown in
Figure 8. The kidney also excretes electrolytes to maintain body
osmolarity as normally as possible. Figure 8 illustrates the body
fluid compartments volumes redistribution after the action of the
kidney. Adjustments to sodium and potassium concentrations
are illustrated in Figure 9. Sodium and potassium concentrations
decreased to 138 and 4.4 respectively as shown in Figure 9.
Although sodium and potassium concentrations decreased, they
are still within normal range, which reflects the significant role of

Figure 9: Sodium [Na+] and potassium [K+] concentrations after the action of
insulin and the kidney as functions of hemoglobin Alc (HbA1lc) level.

Figure 10: Sodium [Na+] and potassium [K+] concentration correction factors after
the action of insulin and the kidney as functions of hemoglobin Alc (HbA1c) level.

the kidney’s action. The excreted sodium and potassium reduce
the size of the volume lost. The correction factors for sodium and
potassium concentrations after the action of insulin and kidney
are illustrated in Figure 10. At normal HbA1c levels, no glucose
or water is lost and there is no correction as the exogenous
insulin dose is sufficient to maintain homeostasis. However, at
HbA1c levels higher than 6.5, water loss is more than sodium and
potassium. At HbAlc close to 9.0 sodium concentration must be
corrected upwards by a factor close to 5.5 when the steady state
glucose concentration doubles.

In this study, we demonstrated that the dynamics of exogenous
insulin action and the fluid regulatory mechanisms of the kidney
are necessary to control the accumulation of blood glucose
and reduce its subsequent effects. In the absence of insulin,
continuous diuresis of the kidney due to hyperglycemia can lead
to severe complications of hypovolemia. In its simple form, the
study of Katz proposed a correction factor for the concentration
of sodium during fluid resuscitation for hyperglycemia in patients
with DMT1. In the absence of insulin, it may be appropriate
to provide fluid administration, because the rationale would
suggest that most of the fluid shift to the ECF would ultimately
be excreted, and the patient would become hypovolemic. The
correction proposed by Katz’s study was based only on fluid shift
among the body fluid compartments without considering insulin
resistance/insufficiency and the effects of kidney regulation. In
this study, we included the effects of insulin action and kidney
diuresis on electrolytes’ concentrations. We showed that not-well-
managed or non-compliant patients with DMT1 run the high risk
of not only losing fluid but also electrolytes. Consequently, many
clinicians worry that the fluid shift from ICFS to ECF and ICFI plus
the administration of fluids and electrolytes during resuscitation
may cause transient brain edema that may lead to brain injury.
A recent study reported that brain injuries are most associated
with unbalanced fluid administration during ketoacidosis [64].

Discussion

In this study, we investigated the effects of hypovolemia and
hyperglycemia-induced hyponatremia in patients with DMT1. We
used a state model to describe the fluid shift among the body
fluid compartments due to increased serum glucose. In contrast
to Katz’s study, we included the action of the exogenous insulin
therapy and the regulation of the kidney. To simulate the action
of exogenous insulin therapy, we designed a normalized sigmoid
function based on Matsuda index to model the functional capacity
of the pancreas. Similarly, to simulate the regulation of the
kidney, we designed a sigmoid function to represent the kidney
glucose threshold as function of the patient’s HbAlc level using
published data. Our results consist of three main findings. First,
without the action of insulin and the kidney, the accumulation
of blood glucose reached extremely high levels that may not be
manageable without intensive interventions and resuscitation
of the patient with high HbAlc level. The sodium concentration
drops to levels that can cause significant complications.

Second, the resulting correction factor for the sodium is
higher than 1.6 at high HbAlc levels. The action of insulin therapy
only did not reduce blood glucose to safe levels. Even with the
addition of the action of the kidney blood glucose remained
high. The loss of volume and electrolytes is very significant and
may lead to fatal hypovolemia. Thus, at high HbA1lc levels, fluid
resuscitation of the patient is almost necessary to prevent serious
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complications, especially those related to the kidney. Third, an
interesting finding is the fact that despite the complications that
may ensue from the loss of fluid and electrolytes, the measured
sodium and potassium concentrations are within normal values.
This may lead to confusing interpretation of these values by the
clinical staff. This in turn may lead to clinical decisions that may
lead to the demise of the patient. In summary, the correction
factor of sodium is higher when the action of insulin and kidney
are not considered due to the loss of fluid and electrolytes that
may be substantial.

Conclusion

We believe that this is the first study to objectively investigate
and simulate the changes in serum electrolytes in patients with
DMT1 during severe hyperglycemia and ketoacidosis using
mathematical concepts of concentration and volume. In this
simulation, we demonstrated that serum electrolytes and fluids
disturbances can be predicted using state-based modeling and
simulation models using a data-based empirical function of insulin
resistance/insufficiency at a priori HbAlc level. In emergency
conditions, clinical practitioners intervene according to the
patient’s blood glucose level and vital data of Complete Blood Cell
assays (CBC). We selected to use HbAlc level instead of blood
glucose level to enhance the outcomes of the simulation. We
also demonstrated that the IV injection of glucose bolus causes
fluid shift among the body fluid compartments and electrolytes
imbalance that may expose the patient with DMT1 to acute and
frequent hyponatremic episodes. The fluid shift momentary
causes an expansion of ECF and the ICFI fluid compartments,
which may acutely affect the brain function if insulin resistance/
insufficiency factor is high. However, after rapid glucose
metabolism, some of the plasma fluid will be excreted when the
kidney absorptive capacity is exceeded. The initial loss of water
from the plasma fluid compartment will be redistributed among
the body fluid compartments due to the effect of osmosis. Fluid
redistribution relatively reduces the effective fluid loss from
the plasma fluid compartment, which in turn causes the loss
of electrolytes proportionally. The overall loss of fluid not only
causes contraction of plasma fluid but also contraction of ICFI fluid.
Without the action of insulin and the kidney, the accumulation
of blood glucose reached extremely high levels that may not be
manageable without intensive interventions and resuscitation of
the patient. However, despite the complications that may ensue
from the loss of fluid and electrolytes, the measured sodium
and potassium concentrations may be within normal values.
Hyperglycemia causes electrolytes and fluids disturbances that
can be predicted using a statistical driven computer simulation.
In summary, this study is a simulation study that investigated the
correction factor and demonstrated that the correction factor
is much higher than that estimated by Katz’s study. We plan to
design patient-based clinical studies that will validate the results
of this simulation with statistical assessment for clinical decision-
making.
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