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Abstract

Diabetic ketoacidosis (DKA), a frequent complication of type 1 diabetes (T1D), is
characterized by hyperosmolar hypovolemia. The response of water-regulating
hormones arginine vasopressin (AVP; antidiuretic hormone) and aldosterone
to DKA treatment in children is not well understood, although they may have
potential as future diagnostic, prognostic, and/or treatment monitoring markers
in diabetic patients. We aimed to characterize the dynamics of the response in
copeptin (marker for AVP) and aldosterone secretion to rehydration treatment
in pediatric patients with DKA. Data originated from a prospective, observa-
tional, multicenter study including 28 pediatric T1D patients treated for DKA
(median age, 11.5years; weight, 35kg). Serial measurements of hormone levels
were obtained during 72h following rehydration start. Semimechanistic phar-
macometric modeling was used to analyze the kinetic/dynamic relationship of
copeptin and aldosterone secretion in response to the correction of hyperosmo-
lality and hypovolemia, respectively. Modeling revealed different sensitivities
for osmolality-dependent copeptin secretion during the first 72h of rehydration,
possibly explained by an osmotic shift introduced by hypovolemia. Response in
aldosterone secretion to the correction of hypovolemia seemed to be delayed,
which was well described by an extra upstream turnover compartment, possi-
bly representing chronic upregulation of aldosterone synthase (cytochrome P450
11B2). In conclusion, semimechanistic modeling provided novel physiological in-
sights in hormonal water regulation in pediatric patients during DKA treatment,
providing rationale to further evaluate the potential of monitoring copeptin, but
not aldosterone due to its delayed response, for future optimization of rehydra-
tion treatment to reduce the risk of acute complications such as cerebral edema.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Water-regulating hormones arginine vasopressin (AVP) and aldosterone are
highly elevated in children with type 1 diabetes (T1D) treated for diabetic ke-
toacidosis (DKA).

WHAT QUESTION DID THIS STUDY ADDRESS?

How do the changes in copeptin (as surrogate marker for AVP) and aldosterone
levels in children with T1D relate to the changes in osmolality and dehydration
during rehydration treatment?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Developed semimechanistic turnover models provided novel physiologic insights
into hormonal regulation during rehydration for DKA. Secretion dynamics of co-
peptin in response to serum osmolality changes were found to vary with rehydra-
tion status, possibly indicating an osmotic shift after full rehydration. Prolonged
aldosterone secretion during the correction of fluid deficit suggests regulation
by an upstream signal with slow turnover, potentially representing upregulated
cytochrome P450 11B2 expression.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Copeptin (fast response), but not aldosterone (delayed response), may be further
evaluated as marker for DKA rehydration protocol optimization, for example, to
decrease the risk of cerebral edema. The suggested chronic upregulation of aldos-
terone deserves further investigation, as it is also associated with cardiovascular
risk and insulin resistance in other populations.

INTRODUCTION

Diabetic ketoacidosis (DKA) is a frequent and potentially
life-threatening complication in children with type 1 dia-
betes mellitus (T1D), especially in younger, undiagnosed
patients.! Hyperglycemia and hyperketonemia, caused by
insulin deficiency, induce osmotic diuresis, contributing
to dehydration and the development of a hypovolemic hy-
perosmolar state.'” DKA is treated with fluid and electro-
lyte replacement combined with insulin therapy. DKA is
the main cause of diabetes-related deaths in patients diag-
nosed with T1D and has a mortality rate of 0.16%-0.25%.*"°
Occurrence of cerebral edema during DKA treatment is a
possible complication, which might be associated with the
rate of fluid administration.””® A better understanding of
the hormonal regulation of water homeostasis in children
with DKA is crucial, as it may provide a basis to develop
personalized monitoring and treatment strategies and re-
duce the risk of complications.

It has been reported that levels of the major water- and
salt-regulating hormones arginine vasopressin (AVP; an-
tidiuretic hormone) and aldosterone are increased during
DKA.'”!! AVP secretion is thought to be induced mainly
in response to hyperosmolality and increases renal water
reabsorption.'*** Measuring AVP directly is difficult due

to stability problems, therefore copeptin, a peptide derived
from the precursor protein of AVP, can be measured as
a substitute.'® It has also been found to respond to stress
(myocardial infarction, ischemic stroke, sepsis)m‘21 and
is being investigated as a potential diagnostic, prognos-
tic, and disease-monitoring marker in various conditions,
including T1D.?***"* Aldosterone is part of the renin-
angiotensin-aldosterone system (RAAS)* and is secreted
in response to angiotensin II, which is stimulated by renin
in response to low renal perfusion, that is, due to low blood
pressure or hypovolemia.”® Another stimulant of aldoste-
rone is increased potassium levels.”®** Increased aldoste-
rone levels are associated with cardiovascular damage™
and insulin resistance in patients with type 2 diabetes.*
Recently, a prospective study was performed to inves-
tigate the change and variability of copeptin in relation to
serum osmolality in children with T1D treated for DKA.*
Although osmolality increased again toward study end,
probably explained by the careful switch from intravenous
to subcutaneous insulin, copeptin and osmolality showed
an initial parallel decline during rehydration therapy. This
suggests a short degradation half-life of copeptin (as re-
ported for the actual active hormone vasopressin***%),
allowing quick physiological response to correction of hy-
perosmolality. Using an empirical mixed-effects modeling
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approach, an exponential relationship between osmolal-
ity and copeptin concentrations was characterized. High
interindividual variability (ITV) in copeptin levels and its
relationship with osmolality could partly be explained by
different physiology in patients with known versus newly
diagnosed T1D. Whether similar relationships exist be-
tween aldosterone and hypovolemia during the treatment
of DKA is not known. Also, the physiological effect of the
renewed increase in osmolality toward study end on co-
peptin secretion has not been investigated. Development
of integrated pharmacometric kinetic/dynamic models,
separating processes of hormone secretion and degrada-
tion, would enhance biological interpretation of model
parameters. Such models could provide a physiological
basis to evaluate copeptin and aldosterone as potential
markers for the monitoring of treatment effects in chil-
dren with T1D and DKA.

We therefore aimed to extend the aforementioned
work®® and further improve our understanding of co-
peptin and aldosterone regulation during rehydration
treatment for DKA in children with T1D by using a phys-
iologic semimechanistic modeling approach. Specifically,
we aimed to investigate (a) the kinetic/dynamic relation-
ship of copeptin secretion in response to the correction
of hyperosmolality and (b) of aldosterone secretion in re-
sponse to the correction of hypovolemia and (c) explore
the association of hormone-level variability with individ-
ual patient characteristics, which potentially influence
hormonal regulation.

METHODS
Clinical study design and measurements

Data originated from a prospective, observational, mul-
ticenter study performed at the University Children's
Hospital of Basel (UKBB), Basel, Switzerland, and Perth
Children's Hospital, Perth, Australia, between 2015 and
2019. The study was approved by local ethical commit-
tees. Children aged 1-18years with known or newly di-
agnosed T1D treated for DKA were included. Patients
received intravenous rehydration therapy (start of the
study) and intravenous or subcutaneous insulin 1 h after
start of rehydration according to hospital DKA treatment
protocol derived from international guidelines."*® Blood
samples to measure copeptin (n = 14 per patient), plasma
osmolality (n = 14), and aldosterone (n = 6) were taken
at predefined timepoints 0-72h after the start of rehy-
dration. Suspected erroneous osmolality measurements
(defined as >360 mOsm/kg or >10% deviation from pre-
ceding measurement, as stated previously™) were ini-
tially excluded from the analysis. Detailed descriptions of
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measurement techniques and study design are described
elsewhere.***’

To include a variable on hypovolemia in this analysis,
intravenous infusion rates of rehydration treatment pro-
tocol were used to calculate the expected fluid deficit over
time for each patient":

infused fluid (¢)

Def{(t) = Defgy, . — < weight

) %*100% (1)
If Def(t) < 0%then Def(t) = 0%

where Def(t) is the calculated fluid deficit (%) at time t(h),
Def,,; is the calculated fluid deficit (%) at study start ac-
cording to DKA severity (mild DKA [pH: 7.21-7.3], 5%;
moderate DKA [pH: 7.1-7.2], 6.5%; severe DKA [pH<7.1],
8.5%), weight is the patient's weight (kg) at admission, and
infused fluid is the cumulative amount of fluid (L) infused
from start of rehydration until time ¢. This approach was
evaluated by correlation (Spearman p correlation coeffi-
cient) of Def(t) with hematocrit levels over time, which was
available as an indicator of hemoconcentration for a subset
of patients (treated at UKBB).

Development of semimechanistic models
Turnover model structure

Two semimechanistic models describing copeptin and al-
dosterone kinetics in response to rehydration treatment
were developed using a nonlinear mixed-effects modeling
approach. To explore physiological aspects of hormonal
signaling, a turnover model structure was selected a priori.
It was assumed that fluctuations in hormone levels (the
dependent variables) were the result of altered secretion
(i.e., the zero-order secretion rate constant [pmol/h] at
time ¢t [k;,(£)]), where copeptin k;,(¢) responds to changes
in osmolality from physiologic normal or reference dur-
ing treatment (A Osm[¢]; independent variable), whereas
aldosterone k;,(t) responds to changes in hydration status
(fluid deficit, Def[t]; independent variable). The general
turnover model***° structures used to describe copeptin
and aldosterone kinetics were defined as the following:

d
ax(t) = kin(t) - kout - x(f) (2)
_ _ kil’l(t = 0)
x(t=0)= K (3)
x(t)
[x(®)] = V_d (€))
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out —

k

W (5)

where %x(t) is the change in the amount of copeptin or
aldosterone (pmol) at time t(h), k;,, is the zero-order secre-
tion rate constant (pmol/h) at time ¢, k,, is the first-order
degradation rate constant (™), [x(¢)] is the concentration
(pmol/L), V4 is the distribution volume (L), and t; 208 the
turnover half-life (h).

As copeptin and aldosterone V4 and t, , are unidentifi-
able with the current study design, they were fixed to the
literature values. Copeptin V4 was set to the extracellular

fluid volume (ECF),* calculated as the following‘u’43 :

ECF=0.0215- Weight0-647 . height0'724 (6)

One individual's missing height was imputed from the
World Health Organization growth charts using known
weight and age.* Because copeptin is a peptide, which gen-
erally are considered to have fast turnover t; , (<10 min),*
its t;, was fixed to 0.1 h. Aldosterone V; and t,, were fixed
to values reported for fludrocortisone, an aldosterone ana-
log, of 1.11 L/kg and 1.4 h, respectively.*’

Dynamic relationship with
independent variables

Linear, exponential, and (sigmoid) maximum effect (E,,,,)
relationships (both additive and proportional) were tested
to describe the dynamics between changes in the inde-
pendent variables, AOsm(t) or Def(¢t), and the increase
in copeptin or aldosterone secretion rate, respectively, as
shown with the following example:

kin (1) = ki - PPV (7

where k;,, is the zero-order secretion rate constant (pmol/h)
for normal hydration status (Def[¢] = 0%) or normal refer-
ence osmolality (Osm[t] = Osm,), p is the dynamic slope
(mOsm/kg ! or %! in this example), and IDV(¢) is the
independent variable, Def(t) or A Osm(¢t), with AOsm(t) =
Osm(t) — Osm,,s, where Osm,¢ corresponds to the individ-
ual normal reference osmolality. All tested dynamic rela-
tionships are listed in the Supporting Information.

Two different approaches for continuous incorporation
of Osm(t) were tested (a) from individual osmolality predic-
tions using a previously reported model (predicting an expo-
nential decline to normal osmolality at study end)*® and (b)
by linear interpolation of observed values (accounting for
renewed increase in osmolality at study end, as described
in the Introduction). Both approaches hence allowed im-
putation of missing osmolality samples (see Appendix S1).

Stochastic and error model structure

Variability in the data was captured as random IIV and re-
sidual unexplained variability (RUV). IV (log-normally dis-
tributed) was a priori included for all estimated parameters,
except for those fixed to literature values, and removed
when estimates approximated 0. Proportional, additive, or
combined error structures were considered to describe RUV.

Model development and evaluation

Tested model structures were numerically evaluated with
the Akaike information criterion (AIC) and the drop in ob-
jective function value (—2x log-likelihood) for nested models
(with a change in objective function value [AOFV]>3.84 cor-
responding to p<0.05 using the likelihood ratio test), relative
standard error (RSE; target: <50%) of parameter estimates,
and model condition number of the correlation matrix (tar-
get <1000). Visual evaluation included standard goodness-
of-fit (GOF) plots, inspection of eta distributions (considering
eta shrinkage), and visual predictive checks (VPCs).

To illustrate and compare the dynamic relationships of
tested model structures or independent variables (simulated
vs. observed osmolality), conceptual model simulations were
performed for a typical individual (without the inclusion of
ITV and V4 based on median population demographics).

Sensitivity analyses

Sensitivity analyses were performed to test the influence
of chosen literature values of t;,, on estimated model
parameters. Both shorter and longer t,,, values within a
physiological plausible range were tested: for copeptin
values between 1 min to 1 h (covering reported alterna-
tive t;/, values of 26 and 36 min'”*%) and for aldosterone
12-126 min (covering values from 0.2 h for aldosterone
up to the range of 1.6-2.6 h for fludrodrocortisone*”*).
Copeptin model parameters were also estimated includ-
ing osmolality outliers to assess if they introduced a bias.

Correlation of model parameters with
patient characteristics

As developing a covariate model was not an outcome of
interest, correlation of individual model parameters with
potential covariates was only analyzed in a descriptive
manner (numerically and visually). Investigated covari-
ates included weight, age, DKA severity, known/unknown
T1D diagnosis at admission, sex, and study center for
both copeptin and aldosterone. For aldosterone, baseline



COPEPTIN AND ALDOSTERONE SEMI-MECHANISTIC MODELING

| 211

osmolality, potassium, sodium, and blood pressure (di-
astolic and systolic) levels were additionally evaluated.
Correlations with continuous and categorical covariates
were calculated with the Spearman p correlation coeffi-
cient and with Wilcoxon tests with a normal approxima-
tion, respectively (significance level, 5%).

Data management

Data analysis, processing, and visualization were per-
formed in R (Version 4.0.3, R Development Core Team,
Vienna, Austria).so Model development and simulation
was done in NONMEM (Version 7.4.3, Icon Development
Solutions, Ellicott City, MD)’' using the Pirana interface
(Version 2.1.0, Certara, Raleigh, NC).>

RESULTS
Patient characteristics and measurements

In total, 299 copeptin samples were available from 28 pa-
tients (median [minimum-maximum] 11 [7-14] per pa-
tient) (median [interquantile range, IQR] age 11.5 [8-14]
years, weight 35.5 [32.0-50.5] kg, n [%] newly diagnosed
T1D 20 [71.4], n [%] with mild/moderate/severe DKA 3
[10.7]/13 [46.4]/12 [42.9]),*® of which 20 patients also had a
total of 92 aldosterone measurements (median [minimum-
maximum] 5 [5-6] per patient) (median [IQR] age 12 [9.8-
14] years, weight 36 [33-49] kg, n [%] newly diagnosed
T1D 14 [70%], n [%] with mild/moderate/severe DKA 1
[5]/9 [45]/10 [50]).***7 Nine copeptin samples had missing
osmolality measurements (at times [number of samples] 3
[1],6[3], 8 [1],10[1], 24 [1], 48 [2] h across six patients).

The calculated fluid deficit at each aldosterone mea-
surement timepoint is summarized in Table S1. The re-
spective mean fluid deficit at study start was 7.2% (95%
confidence interval [CI], 6.6-7.8), and the mean time
to correction was 28.2 h (95% CI, 21.8-34.7). When cal-
culated for each copeptin measurement (i.e., the whole
population), the fluid deficit was 6.9% (95% CI, 6.3-7.4),
and the mean time to correction was 22.5 h (95% CI, 19.6-
25.4). The calculated fluid deficit correlated significantly
with hematocrit levels (coefficient, 0.66; p <0.001).

Developed semimechanistic models

Osmolality-dependent copeptin model

Using model-predicted osmolality’> as an independ-
ent variable, an additive (sigmoid) E,,, relationship

ASCPT

performed best in terms of AIC; however, parameter es-
timates could not be estimated with good confidence
(unsuccessful covariance steps, E,,>3-10*pmol/h or
concentration producing 50% of Emax (EC50)>>max.
predicted AOsm). An exponential relationship was sta-
tistically preferred over an (additive) linear relationship
(change in AIC [AAIC] = —39.2, smaller residual error
and IIV). The proportional error structure was found to
describe the RUV best. Model parameters are listed in
Table 1 (Copeptin Model 1 [CM1]).

Using observed (interpolated) osmolality as a time-
varying independent variable in the same structural
model resulted in large uncertainty for all model pa-
rameters (RSE>50%) and incorrectly predicted a rise
in copeptin values toward study end. The AIC was also
much higher compared with the predicted osmolality
input (AAIC = 97.7, where nine copeptin samples with
missing osmolality measurements were excluded in both
model fits to allow AIC comparison). Model parameters
(Copeptin Model 2 [CM2]) are listed in Table 1.

Mispredictions could be corrected assuming changing
sensitivity during the study. The response to osmolality
changes was set to be absent (i.e., p = 0) (A) empirically
after 30h based on visual inspection of the data and (B)
after the time at which individual patients were expected to
be rehydrated (fluid deficit reaches 0%). Both approaches
significantly improved model predictions (AOFV = —111.1
and —112.8, respectively; p <0.001). Considering Approach
B (further referred to as Copeptin Model 3 [CM3]; VPCs as
shown in Figure 1), the use of individual interpolated os-
molality as a time-varying independent variable performed
better compared with the use of individual predicted os-
molality (AAIC = —6.1), and IIV and RUV were estimated
to be smaller (model parameters, Table 1; GOF plots,
Figure S1). Estimation of two separate § parameters before
and after these timepoints resulted in the second } estimate
approaching zero. Estimation of the timepoint at which f
switches to 0 was also not possible (the resulting parameter
value did not change from its initial estimate), nor was the
estimation of two different Osm,; values.

NONMEM code of CM3 is available in Appendix
S1, and the model structure is visualized in Figure 2a.
Differences in dynamic relationships between the three
discussed model approaches are illustrated in Figure 3.

Fluid deficit-dependent aldosterone model

Similar as for copeptin, only linear and exponential rela-
tionships of Def(t) with aldosterone secretion allowed for
reliable parameter estimation. A (proportional) linear rela-
tionship performed better statistically than an exponential
relationship (AAIC = —7.0), but GOF plots indicated large
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bias over time (overprediction at treatment start, increas-
ing underprediction and again overprediction at study
end).

This bias could be corrected by an extended model
structure assuming an upstream intermediate signal with
slower turnover compared with the relatively short aldo-
sterone t;,, (Figure 1b). Def(t) was assumed to alter the
production rate of this intermediate signal, and the aldo-
sterone k;, was assumed to be directly proportional to the
relative amount of this signal (see Appendix S1). With this
model structure, the exponential relationship resulted in a
better model fit compared with additive and proportional
linear relationships (AAIC = —11.0 and AAIC = —8.3,
respectively), RUV was largely reduced (36% vs. 51% in
the reference model without extension; AAIC = —52.8),
and unbiased kinetic and dynamic predictions were ob-
tained. To further increase model stability, IIV on the k;,
was removed, as inclusion was associated with large RSE
in other model parameters (Aldosterone Model 1 [AM1]).
In a second step, k;, was fixed (priorly estimated to be
6150 pmol/h) to the value required to reach the normal
reference range (5049 pmol/h;i.e., the median value of the
reference range of 1083 to 8120 pmol/h for the lower and
upper limits, respectively; Table 2 [Aldosterone Model 2,
AM2]), as its estimation was associated with a high con-
dition number and high correlation between parameter
estimates (as normal aldosterone range was not reached
at the end of the study, k;, is probably unidentifiable). In
this range of k;,, the signal t,,, and  were estimated be-
tween 18.7 (RSE%: 16) and 13.4 (17) h and 0.647 (4)-0.36
(6) %, respectively. A proportional error structure was
preferred over additive and combined error structures
throughout the modeling.

Model evaluation of AM2 through VPCs are shown
in Figure 1, GOF plots are shown in Figure S2, and pa-
rameter estimates for the models with estimated (AM1)
and fixed k;, (AM2) are listed in Table 2. The AM1 model
structure is visualized in Figure 2b, and the code is avail-
able in Appendix S1. The dynamic relations between fluid
deficit, intermediate signal production and aldosterone
secretion, and the improvement in model predictions as a
result of the extension are illustrated in Figure 4.

-1-100%,

e’

where »? is the estimated variance of a log-normal distribution for IIV, and for the residual error the CV represents the square root of the residual variance; ECF, extracellular fluid; ITV, interindividual variability; IQR,

interquantile range; k;,,, zero-order secretion rate constant; Osm,, reference osmolality; rse, relative standard error; t, ,, turnover half-life; V4, volume of distribution.

IIV: CV% [rse%]

(shrinkage%)
60 [22] (6)

75 [14] (12)
3[25] (24)

0 when fluid deficit = 0%

[IQR]: 8.3 [6.8-10.9])

38[8](9)

Estimate [rse%]
0.0461 [16]
Individual ECF (median

0.1 FIX
15.0

783 [12]
285 1]

CM3: B

IIV: CV%][rse%]
(shrinkage%)
64 [104] (11)

89 [96] (14)
1[256] (65)

[IQR]: 8.3 [6.8-10.9])

48 [42] (6)

Observed osmolality

CM2: no time-dependent slope
Estimate [rse%]

0.0456 [680]

Individual ECF (median

892 [1637]
15.2

0.1 FIX
290 [70]

IIV: CV%[rse%]
(shrinkage%)
74.8 [11] (1)

78 [16] (10)

[IQR]: 8.3 [6.8-10.9])

41[91(7)

Predicted osmolality
Estimate [rse%]
0.0669 [16]

Individual ECF (median

0.1 FIX
10.3

878 [13]

CM1

Sensitivity analyses

Model parameter estimates resulting from copeptin and
aldosterone t,/, sensitivity analyses are listed in Tables S2
and S3, respectively. The estimated copeptin secretion
rate reduced expectedly (from 878 to 84.2 pmol/L) with
increasing t,;, (from 0.1 to 1 h), whereas f, IIV, and RUV
did not change significantly. Inclusion of osmolality out-
lier data did not result in significantly different parameter

— 2-k;, (mOsm/kg)*
Osm,; (mOsm/kg)

Vg (L)
Residual error (CV%)

Model

ty/ (h)*

ki (pmol/h)

B (ImOsm/kg] ™)

Abbreviations: 2-k;,, calculated increase in osmolality responsible for a twofold increase in the zero-order secretion rate constant; §, dynamic slope; CV, coefficient of variation calculated as CV

“Parameters were not estimated in the model but either derived from an estimated parameter (2-ky,), taken from the literature (t,;,), or based on population demographics (V).

TABLE 1 Parameter estimates of key copeptin models (CMs) based on predicted and observed osmolality
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estimates. Similarly, for aldosterone, estimated signal
t,, decreased nonsignificantly (from 16.3 to 15.3 h) with
increasing aldosterone t,,, (from 12 to 126min), and
other parameters, such as p, IIV, and RUV, remained
unchanged.

Association of hormone-level variability
with covariates

Correlations between patient demographics and indi-
vidual model parameter estimates are shown in Figure 5,
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and numerical details are given in Tables S4 and S5. In
the copeptin model, diagnosis was significantly correlated
with p and k;, (steeper response and lower secretion in
patients with known T1D), and DKA partly showed asso-
ciations with Osm,;. Weight and age were initially signifi-
cantly correlated with k;,, but further inspection showed
that this represented a bias introduced by the weight-
based scaling of V4 (ECF calculated based on weight and
height). When V4 was set to the ECF (8.2 L) of the aver-
age individual (35.5 kg, 152cm), only correlations with
diagnosis and DKA remained significant; weight-based
scaling of both secretion and V4 parameters gave similar

(b)
1000 £—
o o
3 100
°© c
£ C
o -
£ r
a L
[0)
&
o 10—
e
T T T T T
280 300 320 340 360
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(d)
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©
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o
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FIGURE 1 Visual predictive checks of copeptin and aldosterone models (Copeptin Model 3 and Aldosterone Model 2, respectively):
(a) copeptin concentration versus time, (b) copeptin concentration versus osmolality, (c) aldosterone concentration versus time, and (d)
aldosterone concentration versus calculated fluid deficit. The observed concentrations are depicted as black open dots, and the empirical
median and 80% prediction interval of the data are shown with the thick and thin black lines. The shaded areas represent the 95%
confidence interval of the median and 80% prediction interval of the simulated data for each bin, originating from 1000 model runs.
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kin kout
Copeptin

(b)

M Fluid deficit

signal signal
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aldo
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—— Aldosterone f——

FIGURE 2 Schematic representation of structural turnover models to describe copeptin and aldosterone kinetics. General turnover

model structures which link the independent variable (shown in the circle) to the hormone secretion rate (k;,) through a stimulatory
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results. In the aldosterone model, weight was significantly
correlated with the slope p (larger response to changes in
fluid deficit with lower weight). Removal of weight-based
scaling of V4 (use of average weight/V,) still gave similar
results. No significant correlation with potassium levels or
blood pressure was found.

DISCUSSION

This study is the first to compare the kinetic/dynamic pro-
files of copeptin (as surrogate marker for AVP) in response
to the correction of serum osmolality and aldosterone in re-
sponse to the correction of hypovolemia (quantified as fluid
deficit) during rehydration treatment for DKA in children
with T1D through a semimechanistic modeling approach.
This revealed large differences between the two hormones:
Due to the relatively fast turnover t;,, of both hormones,
copeptin dynamics were described with a fast relationship
(immediate effect of osmolality on copeptin secretion rate,
with decreased sensitivity after full rehydration), yet the al-
dosterone dynamic response was delayed and could only be

well characterized by the addition of a slow turnover com-
partment representing an upstream signal on aldosterone
secretion. Furthermore, variability in copeptin dynamics
could partly be attributed to differences between patients
with known versus new T1D diagnosis, whereas aldos-
terone dynamics as a response to fluid deficit was weight
dependent. This suggests that copeptin (fast response), but
not aldosterone (delayed response), may be further evalu-
ated as a marker for DKA rehydration protocol optimiza-
tion, for example, to decrease the risk of cerebral edema.
Suggested chronic upregulation of aldosterone deserves
further investigation, as associated with cardiovascular risk
and insulin resistance in other populations.*"*

Best copeptin predictions were obtained using interpo-
lated osmolality as an independent variable for copeptin
secretion and assuming reduced sensitivity to iatrogenic
osmolality increase after approximately 23h, although
minor overprediction at the end of the study remained
(Figure 1a). The change in dynamics is probably due to an
osmotic shift introduced by hypovolemia, which possibly
increases sensitivity of the osmoreceptor during DKA: The
osmotic threshold for a response would be accordingly
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TABLE 2 Parameter estimates of extended key aldosterone models (AMs) with estimated and fixed reference secretion rate (k;,)

Estimated aldosterone k;, (AM1) Fixed aldosterone k;, (AM2)
IIV: CV% [rse%] IIV: CV% [rse%]

Reference secretion rate Estimate [rse%] (shrinkage%) Estimate [rse%] (shrinkage%)
Aldosterone t,, (h)?* 1.4 FIX - 1.4 FIX -
Signal t, , (h) 14.8 [2] 54 [77] (19) 15.7 [13] 53 [22] (19)
Aldosterone k;,, (pmol/h) 6150 [9] - 5049.1 FIX® -
B (%Y 0.417 [4] 16 [11] (8) 0.441 [5] 18 [16] (5)
— 2-signal k;, (%)* 1.66 - 1.57 -
V, (L/kg)* 1.11 FIX = 1.11 FIX =
Residual error (CV%) 36 [15] (14) - 36 [11] (15) -

Abbreviations: 2- signal k;,, calculated increase in fluid deficit responsible for a twofold increase in the zero-order signal production rate constant; §, dynamic
slope; CV, coefficient of variation calculated as CV = Ve** — 1 - 100 %, where w? is the estimated variance of a log-normal distribution for 1TV, and for the
residual error the CV represents the square root of the residual variance; IIV, interindividual variability; k;,,, zero-order secretion rate constant; rse, relative
standard error; t,,, turnover half-life; V4, volume of distribution.

“Parameters were not estimated in the model but either derived from an estimated parameter (2-k;,) or taken from the literature (t,,,, V).

bkm was fixed to a value corresponding to the median concentration of the laboratory reference range (x): k;, = x - V4 - ko, Where V is based on the average
patient (1.11L/kg - 35.5 kg), and k,, is the degradation rate based on the fixed t,, (In[2]/1.4 h).
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zero-order signal production rate constant; kf"ld", zero-order aldosterone secretion rate constant.

expected to be lower in a hypovolemic state compared
with normovolemia.'® Estimation of different thresholds
(e.g., Osm,¢) was not possible, as well as estimation of
a different p after expected fluid deficit correction other
than 0. Resolution of insulin deficiency during DKA treat-
ment could also explain a sensitivity change, as insulin
deficiency has been demonstrated to stimulate AVP secre-
tion in patients with diabetes mellitus.”® However, insulin
administration started 1-2 h after initiation of rehydra-
tion, and glucose levels normalized before 20 h,* whereas
the sensitivity change was observed between 23 h (average
expected full rehydration of study population) to approx-
imately 30h (visual assessment). Lastly, the reduction of
stress-related factors over time such as nausea and emesis,
known to influence copeptin secretion, could also explain
the difference in dynamics.lg’20 Therefore, the use of co-
peptin as a marker for rehydration individualization to re-
duce the risk of acute events such as cerebral edema does
have potential but requires more research to fully eluci-
date the impact of such a possible osmotic shift.

The investigation of possible covariates showed that
weight-based scaling of the copeptin V4 was unnecessary
or that both secretion and volume should be allometri-
cally scaled, respectively. The significant association of
T1D diagnosis with the copeptin dynamics seen previ-
ously*? is suspected to be linked to potential osmoreceptor
and AVP-receptor insensitivity in newly diagnosed T1D
patients, who develop DKA over longer time periods and
are exposed to the hyperosmolar hypovolemic state longer

than known T1D patients. The association of DKA sever-
ities with Osm,; is harder to interpret because of the low
number of patients with mild DKA (n = 3) and the lack
of significant associations wbetween DKA (moderate vs.
severe) and Osm, .

The decrease in aldosterone levels was delayed, and
good predictions could be obtained only after introducing
an extra turnover compartment, likely representing an
upstream intermediate signal responsible for chronic al-
dosterone upregulation (as opposed to well-known acute
regulation by the RAAS system). As chronically high aldo-
sterone levels are associated with cardiovascular risks, it is
important that the exact cause be elucidated with future
research.’! It has been found that chronic exposure to high
angiotensin II and potassium increases the expression of
cytochrome P450 1B2 (CYP11B2) coding for aldosterone
synthase.>® Because CYP enzymes generally have a longer
t,/, (range, 2-806 h>) than peptides (<10 min*'), the addi-
tional compartment might correspond to an increased ex-
pression of CYP11B2. Our study may provide a first, rough
estimate for its turnover t; ,, in the range of 13.4 h (95% CI,
8.9-17.9) to 18.7 h (95% CI, 12.8-24.6), considering sensi-
tivity analyses. Currently, aldosterone synthase is being
investigated as a pharmacological target for the treatment
of hypertension and hyperaldosteronism, and some phase
IT studies have already been executed.”® Therefore, these
results could be of use for the description and/or predic-
tion of the pharmacokinetics and pharmacodynamics of
such (future) aldosterone synthase inhibitors. Due to this
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delay, the application of monitoring changes in aldoste-
rone levels during DKA rehydration as a marker for treat-
ment individualization is much less promising.

It was found that only weight was significantly cor-
related with the variability in aldosterone f, independent
of the allometric scaling approach of V4 and/or secretion.
This indicates that patients with lower weight respond
more strongly to the same relative fluid deficit, proba-
bly in line with higher weight-based fluid requirements
in smaller patients." Higher aldosterone baseline con-
centrations in younger children, previously reported in
healthy populations,””*® might have contributed to this
observation. However, no correlation with age could be
observed in our study, possibly limited by the fact that
the normal reference values at the end of the study were
not yet reached. Interestingly, DKA severity and known
versus new T1D diagnosis did not show correlations with
aldosterone secretion or sensitivity, as opposed to co-
peptin. Furthermore, no significant association between
model parameters and potassium or blood pressure was

signal turnover half-life (h); WGHT, weight (kg).

determined, although these factors have been described
to induce aldosterone secretion,?>* which might be ex-
plained by the small population size.

The semimechanistic pharmacometric approach
used in this study has some limitations. The turnover
model structure was selected a priori to mimic hormone
secretion and degradation and incorporate available
knowledge. This model structure is traditionally seen as
an indirect effect model to account for possible delays
in effect.*®**>% Although a direct relationship between
copeptin and osmolality in T1D patients with DKA was
previously described,”® a decrease in aldosterone levels
did show a clear delay. Nevertheless, in both cases the
turnover model structure allowed for a more biological
interpretation of the model parameters. For instance,
the predicted relative increase in secretion rate may be
used to compare relative secretion in other conditions
(discussed later).

Furthermore, V; could not be estimated as no known
intravenous dose was administered, and degradation t,,,
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were unidentifiable as decline rates of assumed inde-
pendent variables (AOsm([t], Def[t]) were slower than
expected degradation rates according to the literature.
Hence, absolute values of secretion rates reported should
only be interpreted regarding assumptions made for those
two parameters. Nevertheless, the use of V; to scale the
hormone amounts instead of modeling the concentration
data allows for the comparison of estimated secretion rates
of copeptin (secreted in equimolar amount as vasopressin)
during DKA to pharmacological dosing rates of vasopres-
sin, for instance, in the context of catecholamine-refractory
shock.®® A usual dose of 0.01-0.031U/h Empressin®(OrPha
Swiss GmbH) would be equal to 1840-5521 pmol/h (where
401U is 133 pg with a molecular weight of 1084 g/mol),*
which would be higher than the estimated normal secre-
tion rate of 783-878 pmol/h in the normo-osmolar state,
yet much less when compared with the expected sixfold
increase in secretion rate during DKA (Figure 3).

Hypovolemia was quantified through calculated fluid
deficit according to DKA severity, as precise data on de-
hydration (e.g., by repeated weight assessments or fluid
balance) is difficult to collect in clinical routine. It is still
an ongoing debate whether DKA severity properly pre-
dicts fluid deficit.®* Real-time data on infused fluids and
amounts, renal clearance, and hemoconcentration may be
used for volume kinetic modeling in future studies to get
an even more accurate estimate of water balance in pa-
tients over time.’>%

To conclude, this semimechanistic pharmacometric
analysis provided novel physiologic insights into hor-
monal regulation during rehydration treatment for DKA.
The results suggest that copeptin, but not aldosterone,
may be further evaluated as an acute marker for DKA re-
hydration protocol optimization, for example, to further
reduce the risk of complications such as cerebral edema.
Suggested chronic upregulation of aldosterone deserves
further investigation in the population of patients with
T1D with respect to cardiovascular risks and insulin re-
sistance. Although more research is required to address
generated hypotheses, model-derived parameters (e.g.,
relative increase in hormone secretion, dynamic slope)
and determined covariates can already be of interest for
future research on different conditions and allow the
quantitative comparison of water hormone regulation.
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