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ABSTRACT 
Background
Faster insulin aspart is a novel formulation of insulin aspart aiming to accelerate its subcutaneous absorption. The aim of the present study was to compare pharmacokinetics of faster insulin aspart versus standard insulin aspart in adults with type 2 diabetes during closed-loop insulin delivery.

Methods
We assessed the pharmacokinetics of faster and standard insulin aspart from data obtained in a randomized double-blind crossover study evaluating fully closed-loop insulin delivery in adults with type 2 diabetes (n=13, age 59±10yrs, BMI 34.5±9.1kg/m2, HbA1c 7.7±1.2% [60±13mmol/mol]). Blood samples were collected every 15 to 30min over 10h to determine plasma insulin aspart concentration using liquid chromatography mass spectrometry. Time to peak plasma concentration (Tmax) was calculated using a two-compartment model, 

Results
Tmax was 68.7±21.6min for faster aspart and 89.7±31.8min for aspart (mean paired difference faster aspart minus aspart -15.5min, 95% CI [-31.6; 0.6min], p=0.06). Metabolic clearance rate did not differ between the two insulins (p=0.61). Insulin amount delivered during closed-loop with faster aspart positively correlated with Tmax (rS=0.73, p=0.01), whereas no statistically significant correlation was found with BMI, weight or HbA1C (all p>0.18). 

Conclusion
In conclusion, Tmax tended to be shorter for faster aspart vs aspart during fully automated closed-loop insulin delivery and correlated with the amount of insulin delivered. 

INTRODUCTION
Faster insulin aspart differs from standard insulin aspart by the addition of niacinamide and arginine. This novel formulation accelerates subcutaneous absorption by encouraging dissociation into monomers, enhancing trans-endothelial transport and inducing local vasodilatation[1]. Pharmacokinetic studies using subcutaneous bolus administration by pen injection or insulin pump infusion in people with type 1 and type 2 diabetes showed a faster time to peak insulin concentration (Tmax) with faster aspart compared to aspart[2-4]. 
Closed-loop glucose control is an emerging technology that modulates insulin delivery every 5-10 minutes in a glucose-responsive manner. The aim of this study was to assess the pharmacokinetics of faster aspart vs aspart during fully automated closed-loop insulin delivery in adults with type 2 diabetes and to explore associations with individual characteristics. 

METHODS
Study design
This was an exploratory analysis of a double blind randomised pilot crossover study contrasting short-term fully closed-loop insulin delivery using faster aspart vs aspart in adults with type 2 diabetes[5].
The Cambridge model-predictive controller (version 0.3.70) modulated insulin delivery every 10min over a period of 22h based on sensor glucose values (Freestyle Navigator II, Abbott Diabetes Care, Alameda, CA, USA). The Dana R pump (Diabecare, Sooil, Seoul, South Korea) infused faster aspart or aspart via MiniMed Sure-T infusion sets (Medtronic, Northridge, CA, USA) placed under skin of the abdomen. Fully closed-loop operation without announcement or manual bolus coverage of meals was initialized using participants’ pre-study total daily insulin dose and body weight and was maintained for 22h. The study period involved a standardised dinner (43.9±2.3g at 19:00), an overnight period and a daytime period with breakfast (53.7±8.8g CHO at 07:00), a 20min walk (at 10:00) and lunch (72.8±17.5g CHO at 12:00). The same meals were given on both visits. Blood collection for the measurement of plasma insulin aspart concentrations was performed every 15-30min over a 10h period (07:00-17:00). Samples were stored at -80°C until analysis. Full study details are available[5]. 
Insulin assay
We determined plasma insulin aspart concentrations using liquid chromatography mass spectrometry. The technology couples global affinity capture (MSIA™, Thermo Scientific™, Waltham, MA, USA) with high-resolution, accurate-mass spectrometric detection (Q Exactive™ hybrid quadrupole-Orbitrap™, Thermo Scientific™, Waltham, MA, USA)[6,7]. Elution was performed with 70% acetonitrile and water and acetonitrile mobile phases were acidified with 0.2% formic acid. Lower limit of quantification was 8pmol/l, intra- and interassay precision (coefficient of variation) were 7.5% and 6.1%, respectively. Intra- and interassay accuracy (bias) were 5.6% and 8.9%, respectively.

Pharmacokinetic modelling
We used a two-compartment model to describe the pharmacokinetics of subcutaneous insulin during closed-loop delivery utilising the following differential equations[8]:
	 		(1)
		 		(2)
 			(3)
where Q1(t) and Q2(t) are the amounts of insulin aspart in the first and second compartment, respectively (pmol), C(t) is the plasma concentration of insulin aspart (model output; pmol/l), u(t) is the rate of insulin infusion during close-loop operation (model input; pmol), Tmax is the time to peak plasma insulin aspart concentration (min), MCR is the metabolic clearance rate (ml/min/kg), W is subject’s body weight (kg), and Ib is background residual plasma insulin aspart (pmol/l). 
Model parameters were estimated using SAAMII (V2.0, Epsilon Group and the University of Washington, Seattle, USA). We assumed a constant measurement error of the plasma insulin aspart concentration with a standard deviation of 12pmol/l. The parameters (Tmax, MCR and Ib) were obtained by fitting the model to the plasma insulin aspart measurements over the duration of the experiment (07:00-17:00)[9]. 
Data analysis
Statistical analysis was performed using R (V3.5.0, R Core Team, 2018). Differences in pharmacokinetic parameters between the two insulins were assessed using linear mixed-effect models with insulin and period entered as fixed effects and subject as random effects. Non-normally distributed data were log-transformed, and results presented as mean±SD or median (IQR) unless stated otherwise. Model fits were inspected visually for normal distribution of residuals and homoscedasticity. Predictive factors were assessed using Spearman’s correlation coefficients between pharmacokinetic parameters and participant characteristics (age, height, weight, BMI, HbA1c, pre-study daily total insulin dose, closed-loop delivered insulin aspart dose). P-value <0.05 (two-sided) was considered statistically significant.


RESULTS
Data from 15 adults (10 males, age 59±10yrs, BMI 34.5±9.1kg/m2, HbA1c 7.7±1.2% [60±13mmol/mol], pre-study total daily insulin dose 102±77U) were analysed. We excluded five experiments (three faster aspart and two aspart, of which two in the same subject) because of poor model fit. Consequently, data from 12 and 13 subjects, respectively, were used to estimate pharmacokinetics of faster aspart and A (11 subjects were included in the calculation of the paired-differences). Data from a representative experiment and the corresponding model fit are shown in Figure 1. The plot of weighted residuals of the model fit is shown in the supplementary appendix (Figure S1 and Figure S2).
Pharmacokinetics of insulin aspart and faster insulin aspart
Tmax was 68.7±21.6min for faster aspart and 89.7±31.8min for A, mean [95% CI] of the paired differences of faster aspart minus A was -15.5min [-31.6min;0.6min] (p=0.06). Median (IQR) MCR was 18.3ml/min/kg (10.1-29.5ml/min/kg) for FA and 13.2ml/min/kg (5.2-32.3ml/min/kg), mean ratio of faster aspart over A [95% CI] was 1.15 [0.03; 2.14] (p=0.47) (Table 1). Median (IQR) Ib was 0.0pmol/l for faster aspart (0.0-42.7pmol/l) and 0.2pmol/l (0.0-55.2pmol/l) for aspart, mean ratio of faster aspart over A was 7.61 [0.58; 100.48] (p=0.11).
Correlations between Tmax and MCR, and participants characteristics 
The strongest Spearman’s correlations with Tmax were with pre-study total daily insulin dose (r=0.65 for faster aspart, r=0.61 for A, both p=0.03) and closed-loop insulin aspart dose (r=0.73, p=0.01 for faster aspart and r=0.43, p=0.14 for A), followed by non-significant correlations for BMI (r=0.42, p=0.18 for faster aspart and r=0.34, p=0.25 for A) and HbA1c (r=0.13, p=0.69 for faster aspart and r=0.24, p.42 for aspart). There were no significant correlations between MCR and the individual characteristics. Associations between participant characteristics and Tmax are outlined in Table 1.


DISCUSSION
We assessed the pharmacokinetics of faster insulin aspart and standard insulin aspart in adults with type 2 diabetes receiving fully automated closed-loop insulin delivery. Compartmental analysis showed a trend towards a 15.5min faster Tmax for faster aspart vs aspart (p=0.06) and a positive correlation between individual Tmax and insulin dose requirements. 
The estimates of Tmax for faster aspart and A delivered by a fully automated closed-loop system in adults with type 2 diabetes concur with the findings of a recent pharmacokinetic double-blinded crossover study in 61 adults with type 2 diabetes[4]. In that study, Tmax was estimated using a bolus injection of 0.3U/kg and was found to be 16.9min faster for faster aspart compared to aspart (p=0.003). Tmax values of each insulin aspart formulation (70.0±5.4min for faster aspart and 86.9±5.2min for aspart) were comparable to our model-based estimates (68.7±21.6min for faster aspart and 89.7±31.8min for aspart). 
The observed difference in Tmax of the present analysis further corresponds to three pharmacokinetic studies in adults with type 1 diabetes showing that Tmax for faster aspart compared to aspart was on average 7 to 26min faster[3,10,11]. However, the observed Tmax values of faster aspart and aspart were generally lower in individuals with type 1 diabetes (FA 56.6-66.8min, A 69.7-82.3min) compared to those in individuals with type 2 diabetes (faster aspart 68.7-70.0min, A 86.9-89.7min), possibly related to differences in body composition and insulin requirements[12-15].
Our observations, in line with earlier findings[16], suggest that higher insulin doses are associated with increased Tmax of faster aspart and aspart, which may be attributable to a slower absorption due to a lower surface-to-volume with larger boluses[17-19]. The association of a higher BMI, a surrogate for body fat percentage, with a higher  Tmax (rs=0.42) was similar to findings of a previous small study assessing pharmacokinetics of insulin lispro during fully automated closed-loop insulin delivery in insulin naïve patients with type 2 diabetes[20]. Lack of statistical significance in our study may reflect insufficient power and the lack of a broad BMI range across the studied population.
Despite the trend towards a faster Tmax of faster aspart vs aspart in the present analysis, no glycaemic benefit was shown in the original publication[5]. Similarly, a recently published double-blind randomised cross-over study in type 1 diabetes evaluating short-term fully automated closed-loop application using faster aspart vs aspart did not find any difference in glucose control[21]. We can only speculate on the reasons for these findings, one of which may be the short time of closed-loop application and the high variability in individual glycaemic responses.
The strength of the present study is the novel insight into the pharmacokinetics of faster aspart vs. aspart during fully automated closed-loop insulin delivery in type 2 diabetes which differs from previous pharmacokinetic studies adopting conventional bolus insulin administration protocols. Data was obtained from a randomised double-blind crossover design thereby ensuring standardised procedures. Insulin concentrations were determined using liquid chromatography mass spectrometry, a technique that is not encumbered with cross-reactivity issues that are otherwise encountered with conventional immunoassays[22-24]. We acknowledge some imitations. A total of 5 experiments were excluded because of unsatisfactory model fit. However, the excluded experiments were balanced across the two interventions (3 faster aspart, 2 aspart) and only individuals with the two experiments were included in the paired-analysis. Further, we acknowledge the limitation inherent in an exploratory analysis, such as small sample size and potential confounders that may limit the validity and generalisability of the results. Thus, our findings warrant confirmation in larger adequately powered studies. This is particularly important in view of the well-known high inter- and intra-individual variability of Tmax of subcutaneous insulin delivery[8,25].
In conclusion, our findings are consistent with a trend towards faster absorption of faster aspart versus aspart during fully automated closed-loop insulin infusion in adults with type 2 diabetes. Higher insulin requirements positively correlated with time to peak plasma insulin concentrations.
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