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Examination of robustness and parameter estimation

Simulation results for insulin dynamics were compared to experimental data sets for low [1] and high [2] amounts
of injected insulin. The presence of unmodeled effects at highly unphysiological insulin concentrations (which
corresponds to an incorrect model structure for these insulin concentrations) and the detection of insulin frag-
ments by the assay explain why simulation results are not close to the experimental data set for high amounts
of injected insulin.
In the first part of this Additional file, the effects of small changes in the parameters for which no value was
found in literature and in parameters that are important at high insulin concentrations are investigated. In
the second part, values are estimated for parameters that are important at high insulin concentrations such
that simulation results for high amounts of injected insulin [2] match the experimental data set as accurately
as possible.

Examination of robustness

Injection time

The duration of insulin injection tin was not given in the description of the experimental data sets for insulin
dynamics [1, 2]. Therefore, a bolus injection (tin = 0 s) was assumed at t = 0 s. Simulation results for different
values of tin (0 s ≤ tin ≤ 45 s) show significant differences for low amounts of injected insulin and relatively
small differences for high amounts of injected insulin (Figure 1). If one assumes that t = 0 s corresponds to the
end of insulin injection, the simulation matches the experimental data set for low amounts of injected insulin [1]
in an acceptable way for each chosen value of tin. However, if one assumes that t = 0 s corresponds to the
beginning of insulin injection, the simulation results do not match the experimental data for increasing values
of tin. Note that the amount of injected insulin is only given as an interval [1]. The simulations in all figures
were performed with the mean value of injected insulin amounts.
Altogether, simulation results are sensitive to changes in the injection time tin.

Parameters for the pancreas

Pancreatic insulin secretion is realized by the rate rpan.

rpan = pansec ·

(

1 −
Insch

Insch + Kpanch

)

The parameter Kpan represents the insulin concentration of half-maximal insulin secretion and was chosen
as Kpan = 0.5 nM . The Hill coefficient ch determines how sharply insulin secretion is cut off at the insulin
concentration Kpan. As the basal concentration of insulin is 0.07 nM , values of Kpan smaller than 0.1 nM
are surely not physiological and as such were not investigated. Peak concentrations in insulin therapy are
below 1 nM [3, 4]. Therefore, values of Kpan greater than 104 nM are surely unrealistic. Figure 2 shows the
simulation results for both experimental data sets for different values of Kpan (0.1 nM ≤ Kpan ≤ 104 nM).
It can be seen that changing Kpan over five orders of magnitude has no influence on the simulation results for
insulin dynamics. Changing the Hill coefficient ch in the interval 1 ≤ ch ≤ 50 also has almost no effect on the
simulation results for insulin dynamics (Figure 3). Michaelis-Menten kinetics of insulin secretion correspond to
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Figure 1: Sensitivity to changes in tin
The value of tin was varied in the interval 0 s ≤ tin ≤ 45 s. In the plots on the left hand side, the point in
time t = 0 s denotes the end of insulin injection. Therefore, simulations start with the beginning of insulin
injection at t = −tin. In the plots on the right hand side, the point in time t = 0 s denotes the beginning of
insulin injection.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Injection of high amounts of insulin [2].
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Figure 2: Sensitivity to changes in Kpan
The value of Kpan was varied in the interval 0.1 nM ≤ Kpan ≤ 104 nM . Ten simulations covering the entire
interval (0.1 nM, 0.2 nM, 0.5 nM, 0.8 nM, 1 nM, 10 nM, 100 nM, 1000 nM, 1000 nM, 10000 nM) are shown.
The differences vanish due to thickness of the lines.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Injection of high amounts of insulin [2].
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Figure 3: Sensitivity to changes in the Hill coefficient ch
The value of the Hill coefficient ch was varied in the interval 1 ≤ ch ≤ 50. Ten simulations covering the entire
interval (1, 5, 8, 10, 12, 15, 20, 30, 40, 50) are shown. The differences vanish due to thickness of the lines.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Injection of high amounts of insulin [2].

ch = 1, whereas ch = 50 corresponds to a very sharp cut-off of insulin secretion at the insulin concentration
Kpan.
The low sensitivity of simulation results to changes in the parameters for the pancreas can be easily explained.
When injecting small amounts of insulin [1], insulin concentration is only slightly increased in comparison to the
basal level. In this concentration range insulin secretion is still turned on for realistic parameter values. When
injecting very high amounts of insulin [2], the amount of secreted insulin is small compared to injected insulin.
The maximal insulin dose secreted by the pancreas in ten minutes corresponds to 1 nM insulin (Additional
file 4), whereas the injected insulin dose corresponds to nin/vp ≈ 7400 nM . It can easily be seen that the
influence of pancreatic insulin secretion is also negligible in this case.
Altogether, Figures 2 and 3 show that simulation results for insulin dynamics are robust to changes in the
unknown parameters for the pancreas.

Parameters for the kidney and nonspecific insulin binding

At low insulin concentrations, insulin degradation is mainly performed by the liver, whereas renal insulin
degradation is predominant at high insulin concentrations (see manuscript). As we show below, nonspecific
insulin binding dampens changes in insulin concentration at all insulin concentrations. Thus, deviations of the
simulation results from the experimental data set for high amounts of injected insulin mainly result from the
parameters for nonspecific insulin binding (k1ub and k2ub) and the kidney (Kkidney).
The parameters Kkidney, k1ub and k2ub were varied over an interval of 80 % to 120 % of the parameter values
from literature to investigate whether small errors in these parameter values are able to explain the differences
between simulation results and experimental data sets for insulin dynamics.
Simulation results for high amounts of injected insulin show moderate sensitivity to small changes in the
parameter Kkidney, whereas simulation results for low amounts of injected insulin are not sensitive to small
changes in Kkidney (Figure 4). Simulation results for both experimental data sets show moderate sensitivity to
small changes in the parameters for nonspecific insulin binding (Figure 5). This shows that nonspecific insulin
binding dampens rapid changes in insulin concentration at all insulin concentrations.
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Figure 4: Sensitivity to changes in Kkidney
The value of Kkidney was varied in the interval 0.8 · Kkidney ≤ Kkidney ≤ 1.2 · Kkidney.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Injection of high amounts of insulin [2].
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Figure 5: Sensitivity to changes in the parameters for nonspecific insulin binding
The values of k1ub and k2ub were simultaneously varied in the intervals 0.8 · k1ub ≤ k1ub ≤ 1.2 · k1ub
and 0.8 · k2ub ≤ k2ub ≤ 1.2 · k2ub. Simulations for each combination of (0.8, 0.9, 1, 1.1, 1.2) · k1ub and
(0.8, 0.9, 1, 1.1, 1.2) · k2ub are shown.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Injection of high amounts of insulin [2].
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Parameter estimation

The model with parameter values from literature shows significant deviations from the experimental data set
for high amounts of injected insulin. Renal insulin degradation is predominant at the resulting high insulin
concentrations. Insulin concentration in the assay with low amounts of injected insulin [1] is low and within the
range where hepatic insulin degradation is predominant. In addition, the simulation with parameter values from
literature is relatively close to the experimental data set and the liver subsystem is also validated by several
other experimental data sets (see manuscript). As shown above, nonspecific insulin binding dampens changes in
insulin concentration at all insulin concentrations. Thus, the parameters for nonspecific insulin binding (k1ub
and k2ub) and the kidney (Kkidney) are important at high insulin concentrations. Their values were estimated
using the experimental data set for high amounts of injected insulin [2]. Note that this data set cannot be used
for the model validation if it was already used for parameter estimation.
Taking all dynamic experimental data sets for parameter estimation is theoretically also possible. This was not
done here, as in this case there would be no experimental data left to perform the dynamic model validation.
Optimization was performed using the lsqnonlin routine from MATLAB. The parameter values were varied
in the intervals 0.01 s−1 ≤ k1ub ≤ 10 s−1, 0.01 s−1 ≤ k2ub ≤ 10 s−1 and 0.0225 · 10−3 l · (s · g)−1 · mkidney

≤ Kkidney ≤ 10−3 l · (s · g)−1 · mkidney .
The parameters k1ub, k2ub and Kkidney were estimated to minimize two different score functions separately.

ssq =

n
∑

i=1

(Inssim,i − Insdata,i)
2

nsq =

n
∑

i=1

(

Inssim,i − Insdata,i

Insdata,i

)2

Minimizing the sum of squares ssq of the differences between simulated insulin concentration Inssim,i and
measured insulin concentration Insdata,i resulted in a different parameter set than that from minimizing the
normalized sum of squares nsq where the differences between simulated and measured insulin concentrations
are divided by the corresponding measured insulin concentrations (Table 1).
Simulation results using the estimated parameters are closer to the experimental data set for high amounts of
injected insulin than the simulation results using values from literature for these parameters (Figure 6, bottom).
The experimental data set for low amounts of injected labeled insulin [1] was taken as the dynamic model
validation (Figure 6, top). It can be seen that simulation results using values from literature for k1ub, k2ub
and Kkidney are closer to the experimental data set than simulation results using parameters that minimize
the nsq score function. Thus, the estimated parameters that result from using the nsq score function can be
rejected. Simulation results using parameter values from literature are comparably close to the experimental
data set as simulation results using parameters that minimize the ssq score function. Therefore, the estimated
parameters that result from using the ssq score function cannot be rejected.
The parameter Kkidney was also estimated without changing the remaining parameters (Table 1). The allowed
interval was 0.0225 · 10−3 l · (s · g)−1 · mkidney ≤ Kkidney ≤ 10−3 l · (s · g)−1 · mkidney . Simulation results
using estimated values for Kkidney are closer to the experimental data set for high amounts of injected insulin
than simulation results using the value from literature (Figure 7, bottom). The experimental data set for
low amounts of injected labeled insulin [1] was again taken as the dynamic model validation (Figure 7, top).
Simulation results using both estimated parameter sets are slightly closer to the experimental data set than
simulation with the value from literature for Kkidney. However, the difference is small as the kidney has little
influence on insulin degradation at low insulin concentrations.
All estimated values for Kkidney are greater than the value from literature (Table 1), the maximal value is
about three times greater than the value from literature. This reflects the inclusion of unmodeled additional
insulin degradation (e.g. by pinocytosis) into the degradation rate of the kidney. The estimated values for
k1ub are about three times greater than the value from literature. This reflects the inclusion of unmodeled
additional nonspecific binding by other tissues into the hepatic rate of nonspecific insulin binding. The value
of k2ub is decreased by a factor of 1.6 or a factor of 3.5, which leads to delayed release of nonspecifically bound
insulin. This results in higher insulin concentrations at later points in time, which can be clearly seen in Figure 6
(bottom, nsq). However, as discussed in the manuscript, these increased insulin concentrations at later points
in time result at least partly from the detection of insulin fragments.
Thus, limitations in the detection quality of the assay are one reason for relatively low values of k2ub in parameter
estimation. As simulations using the ssq parameter values and values from literature (Table 1) are comparably
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Table 1: Results of parameter estimation
The initial condition of nonspecifically bound insulin is Insub = 1.29948 · 10−6 ·mbody for values from literature
of k1ub and k2ub. The initial condition of nonspecifically bound insulin is Insub = 0.07 ∗ k1ub ∗ vd/k2ub for
arbitrary values of these parameters (see Additional file 4). The value of Kkidney in each case is obtained by
multiplying the value in the table by factor (factor = 10−3 l · (s · g)−1 ·mkidney). ssq and nsq refer to the score
function that is minimized during the optimization. Only the value of Kkidney was varied in the optimizations
that result in the parameter sets ssq-Kkidney and nsq-Kkidney.

Parameter ssq nsq ssq-Kkidney nsq-Kkidney Value from literature Source

Kkidney ·
1

factor
0.0485 0.0318 0.0726 0.0521 0.0225 [5]

k1ub 1.0541 s−1 1.3109 s−1 0.35 s−1 0.35 s−1 0.35 s−1 [6]
k2ub 0.1216 s−1 0.0569 s−1 0.2 s−1 0.2 s−1 0.2 s−1 [6]

close to the experimental data set for low amounts of injected insulin (Figure 6, top), values of k1ub greater
than the value from literature and values of k2ub smaller than the value from literature cannot be rejected.
Figures 6 and 7 clearly show that nonspecific insulin binding dampens rapid changes in insulin concentration
(see also Figure 5). With increased nonspecific insulin binding and decreased insulin release (Table 1), the nsq
parameter set for estimating k1ub, k2ub and Kkidney results in decreased insulin concentrations at early points
in time and prolonged presence of increased insulin concentrations (Figure 6). The strong effect on simulation
results for low amounts of injected insulin is mainly performed by nonspecific insulin binding as simulation
results for low amounts of injected insulin are not sensitive to changes in Kkidney (Figures 4 and 7).
Altogether, it was possible to get simulation results much closer to the experimental data set for high amounts
of injected insulin by changing k1ub, k2ub and Kkidney (Figure 6) or only Kkidney (Figure 7). The nsq
parameter set could be rejected as simulation results using this parameter set fail to match the experimental
data set for low amounts of injected insulin. For reasons discussed in the manuscript, we recommend that values
from literature should be used for all parameters when using the model for physiological insulin concentrations.
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Figure 6: Simulation results with estimated values for k1ub, k2ub and Kkidney
See Table 1 for estimated parameter values. nsq and ssq refer to the minimized score function.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Experimental data set [2] used for parameter estimation and simulation results.
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Figure 7: Simulation results with estimated values for Kkidney
See Table 1 for estimated parameter values. nsq and ssq refer to the minimized score function.
Top: Injection of low amounts of radioactively labeled insulin [1].
Bottom: Experimental data set [2] used for parameter estimation and simulation results.
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