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Background and Objective: Type 2 diabetes (T2D) is rapidly increasing in incidence and has
significant social and economic costs. Given the increasing cost of complications, even relatively short
delays in the onset of T2D can significantly reduce long-term complications and costs. Equally, recent
studies have shown the onset of T2D can be delayed by use of long-acting insulin, despite the risk and
concomitant low adherence. Thus, there is a strong potential motivation to develop models of long-
acting insulin analogues to enable safe, effective use in model-based dosing systems. In particular,
there are no current models of long-acting insulin Detemir and its unique action for model-based control.
The objective of this work is to develop a first model of insulin Detemir and its unique action, and validate
it against existing data in the literature.

Methods: This study develops a detailed compartment model for insulin Detemir. Model specific
parameters are identified using data from a range of published clinical studies on the pharmacokinetic
of insulin Detemir. Model validity and robustness are assessed by identifying the model for each study
and using average identified parameters over several dose sizes and study cohorts. Comparisons to
peak concentration, time of peak concentration and overall error versus measured plasma
concentrations are used to assess model accuracy and validity.

Results: Almost all studies and cohorts fit literature data to within one standard deviation of error, even
when using averaged identified model parameters. However, there appears to be a noticeable dose
dependent dynamic not included in this first model, nor reported in the literature studies.

Conclusions: A first model of insulin Detemir including its unique albumin binding kinetics is dervied
and provisionally validated against clinical pharmacokinetic data. The pharmacokinetic curves are
suitable for model-based control and general enough for use. While there are limitations in the studies
used for validation that prevent a more complete understanding, the results provide an effective first
model and justify the design and implementation of further, more precise human trials.
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1.0Introduction:

Type 2 Diabetes (T2D) is characterised by insulin resistance followed by reduced and eventually non-
existent endogenous insulin production, all of which lead to increasing and persistent hyperglycemia.
Worldwide 400 million people live with T2D and it is estimated almost 200 million more people have
undiagnosed diabetes, with significant increases of 30-50% predicted by 2030 [1-4]. Early detection
and treatment reduces morbidity and mortality, improves quality of life, and thus reduces the social and

economic healthcare burden [5].

Normal endogenous insulin secretion is bi-phasic, with a first phase impulse response to a meal added
to a relatively constant basal secretion rate. Insulin analogues have been developed to replicate these
two behaviours, with fast acting analogues used to replicate the impulse response, and slow acting
analogues used to replicate basal secretion. Insulin Detemir™ (Nov Nordisk, Denmark) is one such
slow acting basal insulin analogue [6]. However, while insulin therapy is commonly used in individuals
with very high insulin resistance and/or failed insulin secretion, it is a last resort therapy in T2D for safety

reasons [7-9].

Insulin Detemir is subcutaneously injected as a hexameric unit, which then dissociates into monomers
and dimers in the subcutaneous interstitium [10]. Insulin Detemir differs from endogenous human insulin
in that a C14 fatty acid chain has been attached to the amino acid B29, and the amino acid threonine
at B30 is omitted [11], which, different to other long acting analogues, allows it to bind to albumin in
both interstitial fluid and blood plasma. This binding means only 2 — 4% [10,12] of insulin Detemir is
available for receptor binding to mediate glucose uptake at any time. Its action is further prolonged due

to strong self-association in the hexameric form [10].

However, despite the rise of computer and model based glycemic control using insulin pumps [13-15],
there are no current models of insulin Detemir and its unique action for use in model-based control
methods for those type 1 and type 2 diabetic individuals using injected insulin (e.g. [16]). In particular,
prior models of long acting insulin analogues do not include this albumin binding aspect [17-19], which

makes the model unique in its own right.



Equally, a validated model can be used to guide insulin dosing in model-based protocols for those using
multiple daily injection to control glucose levels. A better understanding of the appearance profile would
enable safe, more accurate control versus using current models for other analogues. In particular, while
the model parameters can be modified in other insulin analogue models to provide an estimated
appearance profile, it is not necessarily accurate, and they cannot model or account for both bound and

unbound Detemir masses, all of which can lead to error and increased risk.

This study aims to create a physiologically relevant pharmacokinetic model for the appearance of insulin
Detemir in plasma and interstitium from an injection depot site. Data from pharmacokinetic studies in
the literature are used for initial model validation, including a type 1 diabetic cohort and a type 2 diabetic
cohort, where data on these specialised cohorts is often lacking. This pharmacokinetic model could
prove useful in model-based glycemic control using multiple daily injection in lieu of insulin pumps to
treat diabetes. More immediately, a validated model would also justify clinical studies on specific type
1 and type 2 diabetes cohorts to optimise model parameters, as well as understand the variability of

appearance, which is not possible with current data sets in the literature.



2.0 Methods:

2.1 Model:

A pharmacokinetic model of insulin Detemir in the subcutaneous (SC) fluid and plasma serum is
presented pictorially in Figure 1. It contains all relevant compartments and bound/unbound states. In
the local injection depot, three compartments describe hexameric Detemir ( Iy, mU), and both unbound
(QpF Locar, mU) and bound (Qpg ocq, mU) monomer/dimer Detemir in the local depot. Table 1 defines

the key model variables from Figure 1 and subsequent development.
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Figure 1: Schematic of compartment model for the pharmacokinetics of Insulin Detemir

Table 1: Summary and definition of parameters used in the model

Parameter | Value Units Source Definition
Igotus 0.15-0.75 mU+kg? | [20-22] Subcutaneous insulin Detemir injected
kg 0.0078 min-1 [23] Rate constant for the hexameric dissociation
to dimers/monomers
ky min-t identified | Rate constant for the diffusion of the unbound
insulin from the local interstitium into the blood
plasma
ky 0.96 min-1 [10,12] Rate constant defining the binding of the
insulin to albumin
k, 0.04 min-t [10,12] Rate constant defining the unbinding of the
insulin to albumin
kai min-t identified | Degradation rate constant of unbound insulin
in the local depot
v 4.0 L [24] Plasma distribution volume
npy, min-t identified | Hepatic and renal insulin clearance rates
Np; 0.06 min-t [24] Trans-endothelial diffusion rate between the
blood plasma and the interstitial fluid
Npe 0.032 min-t [24] Rate of degradation of the Detemir in the
interstitial fluid




These compartments are defined:

Ipg = —kolpy + Ipos8(t) (1)
QDF,Local = kaIDH - (kb + kdi)QDF,locul - (kloDF,local - kZ,IFQDB,local) (2)
QDB,Local = leDF,local - kZQDB,local 3

Where Ig,;,s is the amount of subcutaneously injected insulin Detemir, & is the Dirac delta function, k,
is the rate constant for the hexameric dissociation to dimers/monomers, k, is the rate constant for the
diffusion of the unbound insulin from the local interstitium into the blood plasma, k; is the degradation
of the unbound insulin in the local depot, k, is the rate constant defining the binding of the insulin to
albumin, and k, is the rate constant defining the unbinding of the insulin to albumin. As evidence
suggests dimers and monomers diffuse between plasma and interstitium at similar rates [25], and both

dimers and monomers of this insulin analogue bind to albumin, these masses are combined.

Insulin Detemir diffuses from the local depot into blood plasma, where it circulates and is free to
equilibrate with the whole-body interstitial fluid compartment. Specifically, in Figure 1, Iz (mU/L) is the
‘free’ unbound insulin Detemir in the blood plasma, I, (mU/L) is the bound insulin Detemir in the
plasma, Qpr (mU/L) is the unbound insulin Detemir in the interstitial fluid and Q5 (mU/L) is the bound

insulin in the interstitial fluid. These compartment models are defined:

Ior = 32001 = Ot = oo = Qor) = (il = Kaloo) @)
Ins = kulor — kalpg ©)

Qo = ~mocQor + s Uor — Qor) — (k1Qor — k2Qps) ©)
0o = k1 Qor — KaQon ™)

Where, in Equations (4)-(7) and in Table 1, V; is the volume of distribution (L) of the insulin Detemir,
which is assumed similar to that of human insulin. The parameter n,; determines the hepatic and renal
insulin clearances, np; the trans-endothelial diffusion rate between the blood plasma and the interstitial

fluid, k, the rate of binding of Detemir to albumin, k, the rate of unbinding of Detemir from albumin, and



npc the rate of degradation of the Detemir in the interstitial fluid. Constants k; and k, govern binding
and unbinding to albumin, and are assumed constant across the depot, plasma, and interstitial fluid,
and are valued so at steady state 96% of insulin is bound to plasma albumin per literature reports

[10,12,26-28]. Binding is a non-saturated process as albumin is plentiful relative to Detemir dose [10].

Values in Table 1 are defined from other models of human insulin pharmacokinetics in the literature for
common kinetics. The parameter values identified from data in this study are specific to Detemir, and
include k,, k4;, and np,, which are not previously reported elsewhere and are thus assumed to describe
the dynamics most specific to insulin Detemir. These identified parameters were also selected based
on model identifiability [29], and for their sensitivity in controlling the model dynamics in terms of peak
concentration and clearance rates of insulin Detemir, as measured in plasma clinically. In particular, the
clearance ny is known to trade off with nj,;, so nj.is set to a human insulin value, and only ny; is
uniquely identified. The input value of the bolus, I, iS the experimental input controlled and recorded

in each study.

2.2 Data:

A literature search of PubMed and Google was carried out to find experimental studies of insulin Detemir
pharmacokinetics, using combinations of the search terms ‘Detemir’, “Insulin”, “NN304” and
“pharmacokinetics”. Five studies were found [20-22,30,31] which measured and reported serum insulin
Detemir, where serum is defined as the total amount of bound and unbound insulin Detemir in blood
plasma. The studies used a wide range of doses from 0.15 - 0.75 U/kg, with equally varied cohorts and

protocols, and are summarised in Table 2.

Briefly, the study by Jhee et al compared Detemir pharmacodynamics in American Caucasians and
Americans of Japanese heritage [22]. Brunner et al examined the pharmacokinetics of Detemir at
different doses, and compared this to NPH insulin [20]. Heinemann et al examined the time action
profile of insulin Detemir at three different doses [30], while Danne et al examined differences in the
pharmacokinetic profiles between adults and adolescents with T1D [21]. Morrow et al examined the
additive effect of Detemir and liraglutide in subjects with T2D [31]. Where units differed between studies

and models, the conversion factor of 1 yU/L = 6.0 pmol/L was used for plasma insulin [32]. There is



thus a range of doses, subjects (N = 100 total), and clinical contexts, enabling identification of a general

model across all of them that is not specific to a particular cohort or context.

Table 2: Studies reporting PK profiles and data for insulin Detemir. All values are mean + SD where
relevant and reported.

Paper # Age BMI Weight Injection | Bolus Crmax tmax AUC
Subjects | (years) (kg/m?) | (kg) Location | Amount | (pmol/L) (hrs) (omol *hrs/L)
(U/kg)

Jhee et al. 2004 0.19 1.82+0.5% 5.38£2.01 | 0.99+0.15%
[22] 16 33.5+£9.9 | 24.9+2.6 | 78.8£10.9 | Thigh SC | 0.38 4.14+1.16x | 6.0+£2.28 2.39+0.36x¢
Healthy Caucasian 0.75 6.88+1.93¢ | 6.23+2.10 | 4.65+0.70%
(Jhee et al. 2004) 0.19 1.74+£0.49% | 4.53£1.97 | 0.97+£0.15%
[22] 20 22.7£4.0 | 21.9+2.8 | 60.1+8.3 Thigh SC 0.38 3.18+0.89x | 6.03+£2.62 | 2.11+0.32x
Healthy with 0.75 5.80+1.60% | 6.93+2.40 | 4.29+0.64x
Japanese heritage
Brunner et al. 2000 Para- 0.3 1.18+0.39 3.6+1.17 0.49+0.10
[20] - Healthy | 10 26.243.5 | 23.0+1.5 | - umbilical | 0.6 1.81+0.48 | 4.5+2.07 | 0.93+0.14
males skinfold
Heinemann et al. Para- 0.15 0.61+£0.14 4.45+1.4 0.34+£0.04
1999 [30] - Healthy | 11 27+2 24.1+1.7 | - umbilical 0.3 1.05+0.28 5.42+1.6 0.67+0.08
males skinfold 0.6 2.03+0.46 | 5.37+1.2 | 1.23+0.21
Danne et al. 2003 | 11 22.816.4 | 23.4£1.9 | 76.5+6.7 ThighSC | 0.5 4.64+2.30 8.05£3.43 | 3.38+1.42
[21] — T1D adults
Morrow et al. 2011 | 32 49.6+8.5 | 33+6.4 98.2+21.9 | SC: 0.5 3.73+1.84* | 9.5+4.1** | 3.11+1.3***
[31] — T2D adults Abdomen,

thigh, or

upper arm

*SD not given in paper so value of 28% is used based on Brunner and Heinemann values
*SD not given in paper so value of 15% is used based on Brunner and Heinemann values
* SD not given in paper so value of 49% is used based on Danne value

** SD not given in paper so value of 43% is used based on Danne value

**%* SD not given in paper so value of 42% is used based on Danne value

Reported values of peak concentration and its time of occurrence (Cmax, tmax), @as well as the AUC of
measured serum insulin Detemir are also summarised in Table 2, and will be compared to identified
model values. Where estimations of variance were missing, standard deviations (SDs) have been
computed based on SD’s as a % of the mean value from the study (i.e. Standard Error), or studies most
similar to the current study. This latter approximation was made for data from Jhee et al and Morrow et
al in the absence of any better data to assess variability, where such an assumption assumes only that
insulin assays and sampling procedures have similar variability across studies, which is not

unreasonable.

2.3 Model Identification:
Values for kg4, k;,, and np;, are identified using data from the studies in Table 2 using a Gauss Newton

parameter identification algorithm. The numerical Jacobian was calculated using a parameter



perturbation of + 1% of the parameter value. To stabilise convergence, the new parameter estimate
was defined as 10% of the new Gauss Newton estimate added to 90% of the previous parameter values,
limiting step size for convergence. Model errors were plotted to ensure convergence to steady state
was obtained, where convergence was measured as a change in least squares error less than 1.0e-4
between iterations. Least squares errors were calculated as the difference between literature reported
serum Detemir insulin and the modelled sum of plasma free and bound Detemir insulin (Ipz + Ipg) tO

match the published reports.

The model is theoretically and practically identifiable [33]. However, there is also some trade off of the
dynamic effect each variable has on the final model solution, even if the identified solution is optimal for
the data used in the identification process. Specifically, the value of k; mainly affects Cmax, While k,
affects primarily tmax, and np,, primarily affects the clearance/disappearance decay slope, but in all cases
it is the net overall effect that yields the final curve. The identification approach provides a global
optimum, and the generalisability of the results to reported experimental data will assess whether the

identified values are robust.

2.4 Comparison to literature reported PK outcomes:

Area under the curve (AUC), maximum serum concentration (Cmax) and time of maximum concentration
(tmax) for the identified model results are compared to those from the published studies in Table 2. After
values are identified for each individual data set and compared to the reported PK values for that data
set in Table 2, the mean identified parameter values across an entire study are used to assess model
robustness in a further comparison to the reported data, as well as assessing the robustness of the
model dynamics and parameters as identified. Finally, the identified parameters for the two best
performing data sets are averaged and simulated to assess inter-study robustness and variability of the

model.

The identified model was assessed as accurate and robust if the model using identified average
parameter values was within 1 standard deviation of the measured data set value, thus accounting for

measurement error with a very conservative metric.



3.0 Results:

3.1 Identification and Identified Model Fit:

Model parameter values identified from literature data for each data set across all studies are shown in
Table 3 and corresponding model fits in Figure 2. The model did not converge for the data from the
Morrow et al studies [31], potentially due to the very specific diabetes cohort used yielding very different
curves from the model dynamics, or equally due to measurement or other study errors. The results for
Morrow et al are thus not presented. The data from Brunner et al and Heinemann et al had considerably
lower serum insulin Detemir concentrations than Jhee et al at higher initial bolus amounts, showing

significant variability in the reports, as well, which yield different pharmacokinetic parameter values.

Table 3: Model parameters fit from literature

Paper Bolus kg k; npy
Amount | (min™') | (min™') | (min™Y)
Jhee et al. 2004 [22] 0.19 0.0530 0.0155 0.3344
Caucasian cohort 0.38 0.0720 0.0191 0.2746
0.75 0.0754 0.0080 0.1071
Jhee et al. 2004 [22] 0.19 0.0378 0.0388 0.6270
Japanese cohort 0.38 0.0456 0.0163 0.2767
0.75 0.0730 0.0106 0.1069
Brunner et al. 2000 [20] 0.3 0.0605 0.0506 2.1227
0.6 0.0635 0.0258 1.4148
Heinemann et al. 1999 [30] | 0.15 0.0705 0.0194 0.7222
0.3 0.0803 0.0085 0.3195
0.6 0.0920 0.0082 0.2884
Danne et al. 2003[21] 0.5 0.0444 0.0072 0.1344
Morrow et al. 2011[31] 0.5 Did not converge

Averaged parameter values across each study are shown in Table 4. PK parameters for human insulin
from Lotz et al [24], Wong [23] and Shimoda et al [34], are presented for comparison. The value of np,,
is close to the human insulin literature value in general and especially for the Jhee et al and the
Heinemann et al cohorts. The Brunner et al averaged value of ny, is not physiologically realistic as it is
extremely high [24]. The other results and comparisons show broadly similar values although the
identified value for k, for Danne et al is significantly lower than the others and the added comparator
studies. Overall, there is variability both between studies and within studies, potentially reflective of
different cohorts and/or dose specific dynamics, or due to assumptions made in translating the data for

comparison.



Table 4: The averaged parameters from the values found in Table 3 where the latter three results are
shown for comparison to common values identified in prior studies for added comparison. The Jhee et

al data are averaged across the Caucasian and Japanese cohorts in Table 3.

Paper kg ky Npy
Jhee et al. 2004 [22] — both cohorts 0.0594 0.0181 0.288
Brunner et al. 2000 [20] 0.0620 0.0382 1.769
Heinemann et al. 1999 [30] 0.0809 0.012 0.440
Danne et al. 2003 [21] 0.0444 0.0072 0.134
Shimoda et al. 1997 [34] 0.0029 - -
Wong et al. 2008 [35] = 0.0649 -

Lotz et al. 2008 [24] = - 0.22*

*Value is the sum of the hepatic and renal clearances in Lotz et al.

3.2 Comparison to literature reported PK outcomes for identified models for each data set:

To evaluate the model fit for each individual identified data set PK parameters AUC, Cmax and tmax are

compared in Table 5, where a tick (v) indicates the model results within 1 SD criteria is met. In all cases,

the individually identified models were able to match reported literature kinetics within 1 SD, indicating

the model was able to capture all key pharmacokinetics of insulin Detemir for each data set and study,

individually. The corresponding identified model fits are shown in Figure 2.

Table 5: Comparison of the model to literature reported PK outcomes for the individually identified data
sets. A tick (v) indicates criteria of within 1 SD is met, a cross (X) is unmet.

Paper Dose AUC (pmol *min/L+108) | Cmax (pmol/L x103) tmax (hours)
Size
(U/kg) Model | Datat SD Model | Datat SD Model | Data + SD
Jhee et al. 2004 [22] 0.19 1.06 0.99+0.15 | v | 1.38 1.82+0.5 v 4.98 5.38+2.01 v
Caucasian cohort 0.38 240 |2.39+0.36 | v | 3.46 4.14+1.16 | v | 495 |6.08228 |V
0.75 4.87 4.65+0.70 | v | 5.49 6.88+1.93 | v 6.95 6.23+2.10 v
Jhee et al. 2004 [22] 0.19 0.99 0.97+0.15 | v/ | 1.47 1.74+0.49 | v 4.46 4.53+1.97 v
Japanese cohort 0.38 2.21 2.11+0.32 | v/ | 2.66 3.18+0.89 | v 5.58 6.03+2.62 4
0.75 4.87 4.29+0.64 | v | 5.49 5.80+1.60 | v 6.95 6.93+£2.40 v
Brunner et al. 2000 [20] 0.3 0.49 0.49+0.10 | v | 0.93 1.18+0.39 | v 3.02 3.6+1.17 v
0.6 0.95 0.93+0.14 | v/ | 1.52 1.81+0.48 | v 3.96 4.5+£2.07 v
Heinemann et al. 1999 [30] 0.15 0.33 0.34+0.04 | v/ | 0.55 0.61+0.14 | v 3.98 4.45+1.4 v
0.3 0.63 0.67+0.08 | v/ | 0.94 1.05+0.28 | v 5.01 5.42+1.6 v
0.6 1.19 1.23+0.21 | v | 1.85 2.03+0.46 | v 5.03 5.37+1.2 v
Danne et al. 2003 [21] 0.5 3.28 4644230 | v/ | 3.54 3.38+1.42 | v 7.10 8.05+3.43 v
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Figure 2: Model fits to different dose sizes in individual data sets for a) Jhee et al’'s Caucasian cohort
[22], B) Jhee et al’s Japanese cohort [22], ¢) Brunner et al [20], d) Heinemann et al [30], e) Danne et
al [21]. Serum insulin Detemir as plotted represents the total of bound and unbound plasma Detemir
(lor + lbs).

3.2 Comparison to literature reported PK outcomes using averaged identified model values:
The comparison of averaged parameter values from Table 4 for those data sets is shown in Figure 3
and Table 6. Due to the very large outlier values in the single data set for Brunner et al in Table 3, the

averaged values for Heinemann et al were used as they have similar dose sizes.

Results for tmax matched the literature reported values for all data sets, and other PK outcomes matched
for most data sets. However, it tended to overestimate tmax for lower bolus sizes and underestimate it

for higher bolus sizes. This latter result suggests some model kinetics may be dependent on bolus size.



Equally, the Jhee et al Caucasian cohort, the model underestimated AUC by more than 1 SD for the

lowest Detemir bolus dose. Both of the models in the Brunner et al set underestimated AUC and were

outside of 1 SD of literature values. This latter results is probably due to the Heinemann et al parameter

values used for this simulation, but equally showing reasonable robustness across studies.

Overall, there is a small degree of dose specific response to insulin Detemir, which is not captured by

averaged values across a study. This inter-study variability is reflected in Table 4. Equally, those results

outside the conservative 1 SD criterion were within 2 SDs, which is also evident in the qualitatively good

fits in Figure 3. Hence, the large number of ticks in Table 6 (32 of 36 possible comparisons, 88%)

indicates the average parameters for each study perform well, and their broad similarity indicates

reasonable robustness overall.

Table 6: Validation of the model for the averaged parameters in Table 4. A tick () indicates criteria of
within 1 SD is met, a cross (X) is unmet.

Paper Dose AUC(pmol *hours/L +108) | Cmax (pmol/L x10%) (0.28) | tmax (hours)
Size
(U/kg) Model | Data Model Data Model | Data £SD
Jhee et al. 2004 [22] 0.19 1.26 0.99+0.17 | X | 1.70 1.82+0.5 v | 4.98 5.38+2.01 | v
Caucasian cohort 0.38 2.51 2.39+0.36 | v | 3.39 4.14+1.16 | v | 4.95 6.0+2.28 v
0.75 5.02 4.65+0.70 | v | 6.78 6.88+1.93 | v | 4.98 6.23+2.10 | v
Jhee et al. 2004 [22] 0.19 0.96 0.97+0.15 v |13 1.74+0.49 v’ | 5.45 453+1.97 | vV
Japanese cohort 0.38 1.91 2.11+0.32 v | 259 3.18+0.89 v | 5.01 6.03+2.62 | v
0.75 3.80 4.29+0.64 v | 5.13 5.80+1.60 v | 498 6.93+2.40 | v
Brunner et al. 2000 [20] 0.3 0.72 0.49+0.10 X 1.15 1.18+0.39 v | 450 3.6£1.17 v
0.6 1.43 0.93+0.14 X 2.30 1.81+0.48 X | 455 4.5+2.07 v
Heinemann et al. 1999 [30] 0.15 0.36 0.34+0.04 v | 0.57 0.61+0.14 v | 3.98 4.45+1.4 v
0.3 0.71 0.67+0.08 v | 1.14 1.05+£0.28 v | 4.00 5.42+1.6 v
0.6 1.43 1.23+£0.21 v | 2.29 2.03+0.46 v | 4.05 5.37+1.2 v
Danne et al. 2003 [21] 0.5 3.29 4.64+2.30 v | 354 3.38+1.42 v | 7.10 8.05+3.43 | v
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Figure 3: Model fits to different dose sizes for averaged parameters for data from a) Jhee et al’s
Caucasian cohort [22], B) Jhee et al’s Japanese cohort [22], ¢) Brunner et al [20], d) Heinemann et
al [30], e) Danne et al [21]. Serum Detemir represents the total of bound and unbound plasma
Detemir (Ior + lps).

Finally, to assess average kinetic parameters, kinetic parameter values were averaged across the
Heinemann et al and Jhee et al data sets and the model fits are shown in Figure 4. The inter study
variability leads to the model fit underestimating the Jhee et al data and overestimating the Heinemann
et al data. Again, these results indicate dose specific and/or cohort specific dynamics not fully capture

although qualitative fits are acceptable.
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Figure 4: Model fits to different dose sizes for averaged parameters across both the Jhee and Heinemann studies for
data from a) Jhee et al's Caucasian cohort [22], B) Jhee et al's Japanese cohort [22], and ¢) Heinemann et al [30].

Serum Detemir represents the total of bound and unbound plasma Detemir (lor + Ips)




4.0 Discussion:

A model was fit to reported literature pharmacokinetics of insulin Detemir, and was able to achieve good
model fits and match most reported literature pharmacokinetics to within the experimentally reported 1
SD for both healthy, and T2D patients. The model is thus able to capture all major kinetics, and can be
used to model the appearance of subcutaneously administered insulin Detemir. The rate constant from
the local interstitium to the blood plasma, k;,, was consistently much lower than the value for human
insulin [23]. This outcome suggests there is an extra prolonging mechanism not in the model or the FFA

chain slows trans-capillary diffusion requiring a different assumption and a new parameter fit.

Insulin Detemir is able to bind to albumin in its hexameric form [10], which was not included in the

pharmacokinetic model as the percentage binding in hexameric form is likely much lower [10]. This
dynamic may explain the lower rate of k;,, as it would slow down the insulin absorption into the blood
plasma. Additionally, k, in Wong is modelled using a much lower value for V;, the volume of distribution,
which would affect k,. Overall, k, is relatively consistent across all studies in this analysis and together

k, and k, seem to acceptably control the overall appearance of Detemir insulin into plasma, where it is

this overall appearance that is important to the model.

The degradation rate of insulin in the local interstitium, k;;, was much higher than suggested by the
literature [23]. This result suggests insulin Detemir is preferentially cleared from this space, or there is
another loss of insulin Detemir not accounted for in the model or reported in the literature we have seen.
However Wong et al’s study included k,; acting on multiple compartments in the subcutaneous model,
where here it only acts on free monomeric/dimeric Detemir at the depot. It was also derived using a
lower V, value than in Wong et al based on newer information. Equally, the fraction of bound insulin
Detemir could be different to the value of 96% considered in this study, where there are reports as high
as 98-99%, although literature suggests bound rates are similar between interstitial fluid and blood

plasma [10,12,26-28].

The identified hepatic/renal clearance constant, np;, is very similar in value to the literature [24]. The

exception is the data from Brunner et al, where peak insulin Detemir concentrations were much lower



at similar dose sizes in comparison to other studies, suggesting an added un-modelled loss. Overall,
the loss in Brunner et al is extremely high, as well, and may reflect the particular study cohort,
methodology, or assay conditions. The overall comparable n,; value suggests unbound insulin is able

to be cleared through the liver at a similar rate to human insulin.

One limitation is the literature reported values for Cnax Often differed from the corresponding graphed
study results by 13.5+7.6% (mean+SD). This difference may lead to inaccuracy in the comparison
method since the kinetic parameters are determined by fitting to the graphical data and the model fits
are compared to the reported values from the original papers. It is unclear why this contradiction exists
within the original literature studies. If this extra source of variation is included, then model derived
values for Cmax are within the acceptable range for all data sets, and for the average study identified

parameter values, which significantly improves the reported results.

As literature suggests the fraction of bound Detemir insulin is approximately similar in the blood plasma
and interstitial fluid, this fraction (affecting k; and k,) was held constant in all compartments. This
percentage bound is approximately 96-98% at steady state [10,12]. The value of 96% was used as it
improved model convergence, while maintaining biologically relevant numbers and results. The model
could be identified for higher values of the binding constant and would give almost identical

concentrations in the blood plasma accompanied by an increase in the fitted kinetic parameters.

Dea et al [12] compared human insulin to insulin Detemir in dogs to determine if the rate constants for
the Detemir clearance were reduced based on the binding affinity to albumin. Dea et al found that 96.4%
of Detemir would be albumin bound in interstitial fluid, and 98.3% in blood plasma. However, due to the
simplicity of their two compartmental model, and minimal amount of data, the difference between the
two binding values is likely to be clinically insignificant and statistically insignificant in the study report.
There is also no proposed physiological explanation as to why binding percentages would be different
in the plasma and interstitial fluid. Dea et al also noted the transport of insulin Detemir from the blood
plasma to interstitium was higher than expected based on their binding predictions, suggesting there

was more unbound insulin Detemir than predicted, which would justify a lower value. Thus, the 96%



bound value used here is justified based on limited literature data available and the inability to assess

a better value without further extended tests.

The study by Danne et al involved a cohort of Type | diabetic patients, compared to the other studies
that used healthy cohorts (Table 2). The parameter values k;, and n,; were both lower for the Danne et
al cohort (k, = 0.044, np, = 0.134) than the values for the healthy cohorts ( k;,, = 0.0594 to 0.0809, and
np, = 0.288 t0 0.440). This difference could potentially be caused by diabetic patients being much more
insulin resistant, so insulin is used more slowly and remains in blood longer, leading to higher Tmaxand
Cmax [36]. There is also the potential for kidney failure to some level in this cohort [37], so ngwould be
lower and would cause a higher Cnax. In the first case, a separate model would be required for type 1
diabetes patients, and in the second a different value for kidney clearance would have to be used in

identifying the model parameters, which was not the case here.

There was a large variation in serum concentrations for the different studies even at similar bolus
amounts and especially for the Jhee et al study compared to the Heinemann et al and Brunner et al
studies. The most probable reason for this variability is differences in the methods used. The basic
design of the three studies was similar in the fact patients were fasted beforehand, only received
intravenous infusions of glucose during the test, and received a subcutaneous injection of insulin
Detemir. The Jhee et al cohort had the most prolonged action and this longer action could be because
they received the subcutaneous injection in the thigh, where, in contrast, the Brunner et al, and
Heinemann et al cohorts both received a para-umbilical skin fold injection. The Heinemann cohort also
received an intravenous infusion of human insulin throughout the study. These differences may account

for differences in parameter values where greater consistency might otherwise be expected.

A different potential source of this error is body weight, where weight varied between and within study
cohorts. A constant volume of distribution for insulin in plasma of 4.0L was used in this analysis, based
on previous work and non-reporting of weight in one study. However, as weights vary, it could explain
some of the dose-dependent variability across studies, as seen for example between the Japanese and
Caucasian cohorts in the Jhee et al study (Table 2). Thus, a similar sized U/kg dose can appear very

differently in different subjects and studies. This error could shift curves by +/-10-20% at most, or equally



this value improves the qualitative comparisons in Figures 3-4. Therefore, further studies to validate
the model need to include weight and/or BMI explicitly so subject specific volumes of distribution can

be employed [38,39].

However, it is important to note the kinetics of insulin appearance, which is the main goal of this model
are not a function of cohort. Disappearance from plasma due to action at the receptor is where cohort
differences arise. Thus, the three parameters identified are all related to the specific kinetics of the drug
in the depot and plasma, and, critically, not its action. There are no reported reasons in our knowledge
to indicate the existence of different diffusion/transport kinetics for insulin between the interstitial fluid
and plasma for these populations. Hence, it is unlikely there are significant differences between T1D
and T2D cohort parameters, although it remains to be demonstrated on larger trials with specific cohorts

which the results here could justify.

Further, all five studies measured the serum insulin Detemir by an enzyme-linked immunosorbent assay
(ELISA) developed by NovoNordisk using monoclonal antibodies recognizing the acylation site of
insulin Detemir. Thus, dosing area and method may cause this variability, while measurement method
was consistent. Since there was also no weights provided for the subjects in the Heinemann and
Brunner cohorts these values had to be estimated which contributes to the variability as it modifies the
distribution volumes in the modeling of any pharmacokinetics and is particularly sensitive in insulin
kinetics studies using this overall model framework [40-44]. In addition, assay methods should be
carefully noted and kept consistent to minimise variability. Equally, the test method should be consistent

across cohorts.

Finally, The 7 compartment, 8 parameter model complexity can be considered a drawback, particularly
with regard to identifiability of parameters to ensure an accurate, robust model [33,45,46]. Analysis of
the current and several prior (not shown) model structures indicated simpler models were not able to
capture the pharmacokinetic profiles accurately with lesser compartments or parameters. The cause is
the bound/free action of Detemir with albumin, which is what makes it unique. As a result, this action

also requires including both these compartments to accurately capture its appearance profile.



More specifically, the rate parameters for this binding are easily estimated from published ratios of free
and bound Detemir. The latter clearance and diffusion between whole body plasma and interstitium is
based on an existing, well-validated model of insulin kinetics. Thus, the key compartments for potential
simplification are the local depot compartments, where they proved necessary to capture the peak and
decay rate of the published appearance profiles. Hence, the model presented is actually the simpler of
some others examined that is able to capture this unique action and its resulting impact on appearance

kinetics.

As a result of the limitations noted, the model developed in this study should be validated against clinical
data from an independent cohort, particularly one focusing on T2D for this application. Better, more
extensive controlled experiments across the cohorts in the studies used here, particularly target cohorts
with T1D and T2D, would enable better determination of the robustness of the model, where the
variability limits the ability of this analysis to provide more than a proof of concept validation. However,

these results justify those clinical trials on specialised cohorts.



5.0 Conclusions:

The model developed in this study provides acceptable model fits, is robust across cohorts to within
measurement error, although limited by variations in study methods and assays. All observed dynamics
appear to be captured, although some dose specific dynamics may exist, and potentially cohort specific
dynamics for individuals with type 1 diabetes. The overall modeling approach may also be generalisable
to other drugs utilising a similar albumin binding mechanism for transport and delayed action. The
overall results show the model is a physiologically accurate representation of insulin Detemir
pharmacokinetics in the human body, and can thus be used in model-based analyses of glycemia and
glycemic control, although further extended tests with greater consistency in methods and assays are

suggested to validate the initial proof of concept model and analysis presented here.
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