N
N

N

HAL

open science

Study of pump-delivered insulin propagation into the
subcutaneous tissue

Pauline Jacquemier

» To cite this version:

Pauline Jacquemier. Study of pump-delivered insulin propagation into the subcutaneous tissue. En-

docrinology and metabolism. Sorbonne Université, 2023. English. NNT: 2023SORUS162 .

04612010

HAL Id: tel-04612010
https://theses.hal.science/tel-04612010

Submitted on 14 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-04612010
https://hal.archives-ouvertes.fr

"™\ SORBONNE ) ¥
UNIVERSITE - b
by @Fllr Liquide

CREATEURS DE FUTURS
| HEALTHCARE
sl fnserm
[ ]

DEPUIS 1257
physiologie
hy thols
p ?nzi‘:::ut;:gm Institut national

de la santé et de la recherche médicale

Sorbonne Université

Ecole doctorale ED394
Centre Explor! Air Liquide Healthcare
IMMEDIAB - Institut Necker Enfants Malades INSERM U1151

Study of pump-delivered insulin propagation into
the subcutaneous tissue

Etude de la propagation sous-cutanée d’insuline délivrée par pompe

Par Pauline Jacquemier
Thése de doctorat

Direction : Pr Jean-Pierre Riveline

Présentée et soutenue publiquement le 13 juin 2023

Devant un jury composé de :

Pr Bertrand Blondeau, Président du jury

Pr Laurent Navarro, Rapporteur

Pr Yves Reznik, Rapporteur

Dr Ghislaine Guillemain, Examinatrice

Pr Héléne Hanaire, Examinatrice

Dr Clara Virbel-Fleischman, Superviseure industrielle, (membre invité)
Pr Jean-Pierre Riveline, Directeur de thése



SROXCRO)

Except where otherwise noted, this work is licensed under
http://creativecommons.org/licenses/by-nc-nd/3.0/

1






Outline

OULIING ..ttt bt b et b e b b s b bR h e b EeE £ E e e b £ bt b b b e b bt b b e e bt bbbt b e b et b e 3
ACKNOWIBAGIMENTS ...ttt bttt bbb e bt bbbt b e b bt e b b e bt b b e bt e b b e bt e b et e bt eb et et b b e st 6
LSt OF @0DIEVIBLIONS ...ttt b bbb bbb bbb bbb bt b b et bbb 8
TSy o) T 10O SRSN 9
LSt OF TADIES . R e r et 11
AADSEFACT. ...ttt E R R R R R R R R R e R R R e R n e r e 12
RESUME ... b e R R e R R R e R R R R e R Rt R R e R R e R Rt R et n Rt nas 14
L1 (o To [0 o] TS TSP PSPPI 16
Diabetes short and long-term complication: what makes glycemic control essential? ............cccccovvvevveiiveieeiennnn, 16
T EXISTING TrEALMENTS .....cueeiee it ce et e e s te et e et e e seeeaeeste e teesteeseeassesseesseesteeteenseeneeaneenneenreens 16
LT T I o0 3] oSSR 17
Struggle to reach stable glycemia even fOr PUMP USEIS .....ccuvoiieiie ettt 18
Looking for more causes for GV in patients treated With PUMPS .........ccooiiiiiiiiiinii e 19
ODjJECLIVE TOF ThIS WOTK ....evieiiiitiee bbb bbbttt b et b bbb 19
Chapter 1: A diverse and heterogeneous set of endpoints to describe insulin @bSorption ..........ccccocvveveiivniininennas 21
11 A few words on skin structure and the SUDCULANEOUS TISSUE.........cviiriiiririiireree e 21
1.2 Processes at subcutaneous infusion sites - contribution of pharmacokinetics on vocabulary .................... 22
13 A FIrst StUAY - LAUMTZEN €L, Al ..o bbb 23
1.4 Upstream measurements: describing insulin propagation or insulin infusion site state ............c.ccoceevvenen. 24
a. Studying the morphology of large subCUtaNEOUS AEPOLS .......evvviveeeierieiee e 24

b. A few other endpoints from the literature describing CSII subcutaneous delivery upstream from
ADSOIPLION. ...ttt bbb b bbb b E e E bbb e bbbt bbb e 25
15 Downstream measurements: glycemia and interstitial glUCOSE ...........cooeiiieiiiiiineiie 25
a. Using standard pharmacokinetics variables to describe insulin absorption.........c..ccecevcevvvivviveieiennnenenns 26
b.  Studying insulin absorption using glucose Clamp StUAIES .........cccveiiiiiieiiie i 26
16 One link between upstream and downstream measurements: Mader et al. ............ccccoceviveviieie i siennns 27
Chapter 2: Sources of variability in iNSUIN @DSOTPLION..........c.oiiiiii e 29
2.1 PAtIENT PRENOTYPE ...ttt bbbttt sb ekt b e bt e bt e mt e e e eb e e ke s be b e e b e e e e e e nbeneas 29
2.2 Impact of INFUSION SITE TOCATION .......cveiiie e e 29
2.3 IMPACE OF CAtNETET WEAI-TIME.......eieiciieee bt b bbbt e e b e 30
24 Inflammation at the INFUSTON SITE........cc.iuiii e e 31
2.5 Hypodermis microvascularisation Variability ... 31
2.6 External actions 0N iNFUSION SITE .........cuiiiiiiiiiie e bbb e 31



2.7 [T o o0 Y 1] o] g1 1= TSSOSO URURURPPRN 32

2.8 Impact of the insulin pump infusion profile, pump model and basal rate ..........c.cccocevvrierivsivsiece s 32

Chapter 3: Building the method for the analysis of subcutaneous propagation of insulin, including home-based

preliminary experimentations (I0CKAOWN) ........c.coiiiiiiii bbbt be e 35
SUMMArY OF the TITEIALUIE FEVIBW. ......iitiiieiitiiet ettt bbbt 35
3.1 Choosing the INFUSION MEIUM ........iiiiieic et eer e re e e e seesrenns 35

a.  Skin cells culture and skin cells BIOPIINTING? ......cvciiiicc e 36
b.  Skin explants from post-bariatric SUIGEIY .......vciviiiieiiie e 36
3.2 Covid 19 and confinement: waiting for human skin to be available, performing tests on pork tails ......... 38
A POFKtaIIS INFUSTONS ...ttt 39
b. Gelatine and agar-agar gels INTUSION ..o 41
3.3 First human skin exXplant INfUSIONS...........oiiiiii it e e sreea 42
3.4 Hypotheses triggered by pressure BUITA-UPS ........coooiiiieiiiie e 43
a.  What would be the clinical impact of those hypotheses?.........coeiiiiiiiii s 44
b.  Failure to test the lobule NYPOTNESIS........cviiii e 45
3.5 IMAGING TNE TISSUE ...t bbbt b et b et b bbbt b 45
A, SEALIC IMAGING veveteiteieetiite ettt h bbb bbb bbb bt bt bbbt b bbbt n s 45
D, DYNAMIC IMAGING. .. vt iteieteite ettt et b e et b et b et et b e e bt e b e e bt e b e b e bt bt et e b e e bt 49

3.6 Towards synchronised and continuous imaging and pressure recordings of basal CSII delivery in human
BXPIANES .ttt bbb bR b £ R R £ e Rt R E Rt R e Rt R e Rt b et e bt b e bt bt b b 50

Chapter 4: New ex-vivo method to objectively assess insulin spatial subcutaneous dispersion through time during

pump basal administration (including SUDMIttEd ArtICIE) ..........ccoiiriiiiieiie e 52

4.1 HCT TMAGE PrOCESSING ...vevereereiterteteate sttt et sttt st et bbb eb e b b e b sbe st et e sb e st ebe s b e s e ebenb e st ekt sbe s e ekt sbeseabesbeseebenbenea 52

a.  Brief description of the raw image data ..........cooeiiiiii s 53

b.  Requirements for this segmentation: why is more than thresholding required? ............ccccooervineniinennn 54

c. Of the interest in region-growing algorithm and the limits We mMet ..o 56

d. Taking advantage of the model: initial image before infusion and subtraction ...............cccoecevieveeieenne, 57

e.  Processing the images resulting from SUDIIaCtION .........cccviviiiiiii e 59
4.2 Submitted article (Nature Scientific reports): New ex vivo method to objectively assess insulin spatial

subcutaneous dispersion through time during pump basal adminiStration.............ccoceeeieieiiiienecee e 65

4.3 Coming back to the retention NYPOThESIS .........ooiiii e e 84

4.4 Testing infusions with alternative basal rate and PUMP ........ccooiiiiiiii e 85

a.  General comments aDOUL INTUSTONS ........coiviiiiiiiiiiic s 86

b.  Dispersion index for infusions with the Tandem t:slim X2 at 0.5UI/N ..o, 88

c. Dispersion index for infusions with the Medtronic 780G at 1Ul/h and 0.5Ul/h ... 89

Conclusions on alternative basal rate and pump INFUSIONS..........cooiiiiiieii e 91



Chapter 5: the IMPLIQUE-KT SEUAY ......eiiiiiieitiitiie ittt sttt e bbbt e e e see st e besbesbeeseeneennenbesbesbeas 93

5.1 IVIBENOD ... E et 93

A. INCIUSTON CHITEITA ..ottt et b ettt nn e 93

o TR 0T o U] - [ o SO 94

c. Description of the data collected via app dOWNIOAAS .........ccccuvevieieiieie e 94

(o O Yo To o To T oo T 010 LA T ] LSS 95

e.  Pump or CGM data interruptions Management..........cceceierereiieseeieesieseseste e sseeeesse e seesresseessesaenseseessens 96

LS v L S ot LI o [0 (1T £SO 96

g.  Analysis by bolus timing CAEGOTIES ......c.ciiriiiiirieiite et b e ebesre e 97

5.2 RESUITS ...ttt bbb bt b bbbt R bbbt b R bt b r et 97
5.3 DHISCUSSION ...ttt bbb bbbk b bRt bbbt bbb bbbt bbb 102
CRAPLET B: DISCUSSION ...ttt ittt stttk ettt sttt b e st b e bbbt bbbt bt e bt e b b e bt e bbbt b b e bt e b b e bt e bt e bt ebe b bt et n s 104
6.1 Summary of the results of the eX-VIVO STUAY ... 104
6.2 Perspectives 0N the EX-VIVO STUY .........ccoirriiiiiiiie et 105
6.3 Summary and perspectives of the CHNICAl STUAY .........coiiriiiiiii e 106
GENEIAL CONCIUSION ...ttt bbb bbbkt b e bbb b e b e e bbbt e b b e bt e b b e bt e bt et et e bt et 108
AATINEX et b ke E R R R R e R R R e e R e e R R e R e R e R et a R r e nre e n e 109
Annex 1 — Supplemental data S1 to the SUDMItted artiCle..........ccooeiiiiii e 109
Annex 2 — Supplemental data S2 to the SUbMItted artiCle...........coeriiiiiii e 110
Annex 3 - Picrosirius red staining protocol 0N frozen Slides ... 111

LR E] (=] €] Lo OO OSSP S TP PRPPO 112



Acknowledgments

Je remercie chacun des membres du jury, dont je suis honorée qu’ils aient accepté de consacrer du
temps a ce travail.

Je suis reconnaissante a chacune des personnes qui ont participé a encadrer ce travail de these.
Merci a Sylvain G. pour son goQt a partager son travail, pour les premiers mois passes a travailler
sur les pompes a insuline ensemble, ainsi que pour son désir d’étre facilitateur de ma thése, en
partageant avec honnéteté et simplicité son propre vécu de doctorat. Merci a Sébastien H. pour son
discernement, sa grande confiance, son accompagnement initial formateur et responsabilisant.
Merci a Yann R., qui a pris la releve de cet accompagnement industriel de thése avec brio,
bienveillance, créativité et un brin de folie, alors méme qu’il ne s’agissait pas de son sujet
d’expertise. Merci a Clara V-F. d’avoir achevé cet accompagnement industriel avec sérieux,
précision et bienveillance.

Enfin, merci beaucoup a Jean-Pierre R., pour la confiance initiale et celle renouvelée au fil de la
theése, appuyée et persistante, qui m’a été précieuse. Je suis reconnaissante pour son souci sincere,
ses encouragements, son soutien dans les différentes phases de ce travail. Pour son respect, sa
pédagogie et son humilité. Merci également a lui, pour la bienveillance manifestée lors des
évenements personnels vécus au cours de ces quelques années de travail.

Merci a Baptiste R. d’avoir partagé la route de doctorant au centre Explor!, entre partages des
avanceées et des difficultés de nos projets de these respectifs, ponts interdisciplinaires entre apnée
du sommeil et diabeéte, et les astuces partagées, de la mécanique de la peau a 1’ Arduino et au code
Python. Merci a Clara V-F. pour la grande disponibilité d’écoute, les échanges et encouragements
personnels et professionnels, bien avant qu’elle participe a 'accompagnement de cette these.
Merci a Carine R. pour son écoute attentive et paisible, particulierement dans les moments
d’agacement ou de découragement ! Et pour sa curiosité des actualites de cette these, tres
régulierement manifestée. Merci a Yann R. pour toutes les belles excursions intellectuelles
interdisciplinaires imaginatives (¢a fait beaucoup de qualificatifs). Merci a Flavien M. pour les
partages de connaissances enthousiastes, et de ne jamais s’étre agacé de mes plaintes quant a son
débit de parole. Mes excuses a lui pour la partie de ce travail réalisée en Matlab. Merci a Eugénie
B. pour son optimisme et ses joyeuses onomatopées qui ont ponctué ces quelques années. Merci a
Charles-Philippe T. pour sa bienveillance et sa simplicité, ses anecdotes, ses récits historiques
animés, et ses tirades percutantes ! Merci a Kaixian Z. pour les discussions médicales et musicales,
a Manon pour la bienveillance, et pour la relecture de portions de ce manuscrit ! Merci pour les
chouettes échanges aux nouvellement arrivés a Explor, Stéline S., Johan T., Carine P, Isabelle D.,
qui parlent d’une jolie suite pour le centre Explor ! Merci & Alexandra S. pour sa confiance et ses
conseils professionnels, et a la PMT pour I’intérét manifeste répété.



Un grand merci a Jean-Baptiste J. pour son enthousiasme au sujet de ce travail, ses suggestions et
questions réguliéres au fil de la thése, ainsi que pour son aide et sa participation indispensable sur
I’é¢tude IMPLIQUE-KT.

Je remercie vivement le laboratoire IMMEDIAB pour son accompagnement sur des sujets que je
maitrisais peu ou pas. Merci a Tina E., Rafaélle B., Joy C., Akila H., Fawaz A., pour leur conseils
et aides dans mon apprentissage en immunofluorescence et de I'utilisation de tout le matériel
associé qui m’était si peu familier. Merci d’avoir répondu a toutes mes questions bétes ! Merci a
Amélie G., Diane G., Ronan T., Aude J., Ray B. pour leur joyeuse camaraderie malgré ma présence
irréguliere au labo. Je remercie Charline P., Charline G., Kennan K., Zaineb M., Claire L., Elena
C., Bao V. pour les échanges lors de mes passages au labo. Merci aux PI, Jean-Francgois G., Louis
P., Marc D., Fawaz A., Elise D., Camille B., Claire V., Gilberto V., Frédéric F., Nicolas V. pour
leurs conseils lors des présentations réalisées au fil de la thése. Merci a Nicolas V. d’avoir accepté
d’héberger cette thése dans son laboratoire.

Merci a Elian L. et Caroline D., des laboratoires Bio-EC, qui ont été trés disponibles. Leur desir
de répondre aux besoins de cette thése et leur compréhension et flexibilité ont été déterminants
dans ce travail. Merci a Martine C-S. et a Agnés O. pour leur aide trés précieuse concernant 1’acces
et I'utilisation du pCT scanner et des outils logiciels associés. Merci au laboratoire BIOSCAR et
a Christine C. pour la mise a disposition du scanner et 1’aide lors des dysfonctionnements. Merci
a Loic A. pour I’aide critique apportée quant a I’optimisation des parameétres du scanner.

Merci a Bertrand B. et Ghislaine G. pour le déblocage apporté dans le marquage en
immunofluorescence des dépéts d’insuline sous-cutanée. Merci a Mihalea M., Eric L., et a tout le
board scientifique de 1’étude IMPLIQUE qui ont nous ont accepté de nous suivre et accompagné
dans la rédaction, en une semaine, du protocole ancillaire IMPLIQUE-KT. Merci a Vitalaire
d’avoir permis cet ajout. Merci a Cécile C. pour 1’accompagnement du projet, et a Qualees et
Mydiabby qui par leur travail, ont largement contribué a une collecte de données de cette qualité.

Mereci enfin, a ceux qui m’ont permis de tenir la distance sur ces quelques années de travail ! Elise
C., colocataire courageuse, codeuse de robots qui cliquent, qui a assisté aux nombreux épisodes
frustrants des 2 premieres années de these et avec qui nous avons pu rire de la situation ! Joél et
Patricia R., pour leur affection, et le logement et les partages a des moments importants de ces
quelques années. Claude L. pour son amitié, pour les longs coups de fil enthousiastes, remplis de
témoignages et clins d’yeux, qui m’ont souvent sortie de la “maroquinerie” ! Et plus largement, le
coquelicot et I’hysope qui ont accompagné ces quelques années. Merci a mes parents, Claire et
Jean-Pierre J., pour leur fierté et leurs encouragements, leur confiance, leur soutien. Merci a Michel
et Jocelyne J. pour les discussions sur I’anatomopathologie de la peau. Merci a Etienne A., d’avoir
trouvé bonne 1’idée de m’épouser pendant cette thése. Ainsi que pour sa fierté, et le paisible soutien
moral et culinaire dans 1’aboutissement de ce travail.

Merci a Celui dont j’ai pu mesurer, de nouveau, la fidélité au cours de ces quelques années.



List of abbreviations

T1D: Type 1 diabetes

CSlI: Continuous subcutaneous insulin infusion

IP: insulin pump

BR: Basal rate

GV: glycemic variability

CGM: continuous glucose measurement

Ul unit of insulin (1UI = 10uL of insulin for the standard insulin concentration “U100”)
PK/PD: pharmacokinetics / pharmacodynamics
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Abstract

Type 1 diabetes results from the total destruction of the beta cell function of insulin secretion in
the pancreas. Treatment consists in providing exogenous insulin to the patient for glucose control,
in order to prevent acute and chronic complications. This is achieved by a subcutaneous multiple
daily injection or by the use of a pump that continuously administers insulin in the patient’s
subcutaneous tissue through a catheter (KT) which is changed every 3 days. Pump therapy is now
being improved by control algorithms that automatically adapt delivery in real-time, according to
interstitial glucose measurements. These are called closed-loop systems.

Despite the significant improvement in glucose control in pump users, metabolic targets are often
not reached and some glycemic variability remains in many patients. The etiopathogeny of this
glucose variability remains mainly unexplained. A heterogeneous and unpredictable absorption of
insulin in the subcutaneous tissue is suspected to cause this but requires further demonstration and
description. Additionally, many factors could bring variability to absorption, such as age, sex,
physical activity, but also lipodystrophies, or KT characteristics. However, this question is largely
unsolved because ex vivo models are scarce.

This work aims at studying insulin subcutaneous propagation and absorption in the specific case
of an insulin pump at basal rate delivery.

This project first develops the proof-of-concept of a dynamic follow-up method of subcutaneous
infusion in ex-vivo human skin explants, by micro-computed tomography and pressure
measurement. Then, this method was applied to study propagation for two pump models and two
basal rates. Finally, a real-life observational study was performed to explore the clinical
implications of one potential source of absorption variability: KT change (KTC). In that context,
glycemia was compared in the hours after KTC to the following days, both in open-loop and in
closed-loop systems.

3D imaging was performed every 5 min in the ex-vivo experiments on 24 explants from 4 different
donors during 3h infusion of insulin at LUI/h with a t:slim x2 pump (Tandem) and pressure inside
the tubing was recorded. An interpretable dispersion index (DI) was introduced to describe insulin
propagation. 14/24 infusions did reach the targeted hypodermis while other infusions reached
alternative skin structures. DI increases with time reaching a mean value of 6.64 after 3h, and its
evolution is reproducible for hypodermal infusion. Insulin was found to propagate preferably along
the interlobular septum. Momentaneous pressure elevations in the tubing were associated with air
bubble infusions.

Application of this follow-up method shows DI is independent from delivered volume. All

insertions and infusions performed with the Medtronic 780G did reach the target tissue. Large air
volumes were observed at the start of the infusions, probably due to insertion technique. DI
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evolution appears to be otherwise comparable between the two pumps, although more tests are
required for confirmation.

In the clinical study, significant time above target glycemic range was observed after KTC
compared to the same time of day 24h and 48h later, both in open and closed loop, suggesting a
slower absorption in naive infusion sites. When boluses were infused prior to KTC, no such event
was observed. Confirmation of this in a randomised control trial may allow to include timing the
KTC after boluses into patient education.

To summarise, the ex-vivo study was the opportunity to introduce a new interpretable metric to
describe insulin propagation. This method can be used to further investigate the impact of the many
parameters likely to affect insulin absorption. Finally, KTC was identified as a critical moment in
the insulin treatment. This may be solved by bolusing before KTC. Confirmation of this may allow
to significantly improve time in range of patients using open and closed loop systems.
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Résumé

Le diabéte de type 1 résulte d’une destruction totale de la fonction de sécrétion d’insuline des
cellules béta du pancréas. 1l en résulte une hyperglycémie chronique et une variabilité glycémique,
associées a des complications a court et long terme. Une insulinothérapie est nécessaire et peut
étre effectuée par un schéma de multiples injections quotidiennes, ou via une pompe qui délivre
I’insuline de fagon continue dans le tissu sous-cutané a travers un cathéter (KT) renouvelé tous les
3 jours. Ces pompes sont désormais améliorées par un algorithme de contréle qui permet une
adaptation en temps réel le débit d’insuline en fonction de la glycémie interstitielle mesurée par
un capteur, au sein de systémes communément appelés boucle fermée.

Malgre une amélioration significative de I'équilibre glycémique des patients équipés de pompes,
une variabilité glycémique subsiste chez certains d’entre eux. Une absorption hétérogéne de
I’insuline dans le tissu sous-cutané est une des causes fréquemment suspectées, mais a peu été
décrite. Par ailleurs, de nombreux facteurs sont susceptibles d’apporter une variabilité
supplémentaire : I’age, le sexe du patient, ses activités physiques, des lypodystrophies, ou les
caractéristiques du KT.

Ce projet se propose d’étudier la propagation et 1’absorption sous-cutanée d’insuline dans le cas
spécifique d’une délivrance par pompe en débit basal.

11 développe d’abord une méthode ex-vivo dynamique de suivi de la propagation d’insuline dans
des explants de peau humaine via un micro-scanner et des mesures de pression dans la tubulure.
Cette méthode est ensuite employée pour comparer I’infusion pour deux pompes et deux débits
différents. Enfin, une étude observationnelle en vie réelle étudie I’impact des changements de KT
(KTC) sur la glycémie dans les heures qui suivent ce KTC, en boucle ouverte et fermée.

Lors des essais ex-vivo, une image 3D a été prise toutes les 5 min pendant 3h d’infusion a 1UT/h
avec une Tandem t:slim x2, pour 24 explants. Un indicateur de dispersion (DI), interprétable, a été
¢laboré pour décrire la propagation d’insuline. 14/24 infusions ont atteint ’hypoderme, tissu cible,
les autres ont atteint d’autres structures dermiques. Le DI croit progressivement et atteint une
moyenne de 6.64 a 3h. Son évolution est reproductible pour les infusions hypodermiques.
L’insuline s’est propagée préférentiellement dans le septum interlobulaire. De courtes élévations
de pression de tubulure ont ét¢ associées a I’infusion de bulles d’air.

La comparaison de deux débits basaux confirme que le DI est indépendant du volume infusé. Les
injections avec la pompe Medtronic 780G ont atteint I’hypoderme, et des volumes d’air importants
ont été observés en début d’essai, probablement liés a la technique d’insertion du KT. L’évolution
du DI est comparable entre les deux pompes. Cela doit étre confirmé par plus d’essais.
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Enfin, 1’étude clinique montre un temps significativement plus élevé au-dessus de 1.80mg/dL
apres KTC, par rapport a 24 ou 48h plus tard, en boucle ouverte comme fermée. Ceci n’est pas
observé lorsque des bolus sont délivrés avant KTC. La causalité entre ces événements nécessite
d’étre confirmée par essai contr6lé randomisé, ce qui pourrait conduire a inclure dans I’éducation
des patients le fait d’effectuer le KTC aprés bolus.

Ainsi, notre étude ex-vivo a permis d'introduire un nouvel indicateur interprétable pour décrire la
propagation sous-cutanée d’insuline. Cette méthode peut désormais étre employée pour explorer
I’impact de nombreux parameétres sur I’infusion. Notre étude clinique a permis d’identifier les KTC
comme un moment critique de 1’insulinothérapie, ce qui pourrait étre résolu en positionnant les
KTC aprés bolus, améliorant ainsi le temps dans la cible tant chez les patients en boucle ouverte
que fermée.
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Introduction

Type 1 diabetes (T1D) results from an absolute defect in insulin secretion due to autoimmune beta
cell destruction in the pancreas. Insulin is a hormone that both triggers glucose uptake by the cells
and inhibits glucose hepatic production and therefore reduces blood glucose. This absence of
insulin secretion in patients with T1D leads to a hyperglycemia and is lethal in the absence of a
treatment.

Diabetes short and long-term complication: what makes glycemic control essential?

The ideal glycemic range (euglycemia) is between 0.70 mg/dL and 1.80 mg/dL. The disease
exposes patients to chronic hyperglycemia leading to long-term consequences among which
cardiovascular complications, retinopathy leading sometimes to a definitive vision impairment or
blindness, or neuropathy with amputations.

On the other hand, patients are also exposed to risks of short term complications. Among them,
acute hyperglycemia (above 2.50 mg/dL) can lead to ketoacidosis, a life-threatening event that
requires hospitalisation. Hypoglycemic events (glycemia below 0.70 mg/dL) is another short term
complication that can strongly affect daily life, from lack of concentration, headache, blurred
vision to speech disturbances or loss of consciousness *.

Finally, glycemic variability refers to both intra- and inter-day glycemic excursions. It is
particularly frequent in T1D 22, It increases the risk for hypoglycemic events and is suspected to
be a specific cause for diabetes long-term complications 3*.

Several randomised control studies such as the Diabetes Control and Complications Trial (DCCT)
5 and UK Prospective Diabetes Study (UKPDS) © showed that a good glycaemic control is able to
prevent some of these complications. It is then critical to ensure that blood glucose of patients with
T1D stay within the target glycemic range.

The existing treatments

Since the discovery of insulin in 19217, the treatment has consisted in providing exogenous insulin
to the patient for glucose regulation. Nowadays, various insulin analogs are provided. They present
slight amino-acid modifications compared to the original insulin, that allow to modulate their
pharmacodynamics, leading to designations such as rapid insulin, or long-acting insulin &,

Today, these insulin analogs can be delivered to the patient in two main different ways:
- multiple daily injection (MDI) schemes, with subcutaneous injections of both rapid and
long-acting insulin using syringes or insulin pens
- Continuous subcutaneous insulin infusion (CSII) using insulin pumps (Figure 1).
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Insulin pumps

Insulin pumps are electromechanical devices that continuously deliver very small amounts of rapid
insulin into the subcutaneous tissue of patients. Although such delivery is also called “continuous
subcutaneous insulin infusion” (CSII), pumps do not deliver a strictly continuous flow, but rather
regular micro-impulsions °.

CSII present two main delivery modes: one is called “basal delivery”. The basal rate (BR) is the
constant flowrate applied by the pump, mimicking the continuous background secretion of insulin,
which aims to control glucose hepatic production. Various basal rates can be applied in different
time-windows during the day to adapt to the patient’s needs. The other delivery mode is a patient-
triggered “bolus”: a one-off volume of insulin destined to control postprandial glycemia, or any
other temporary elevation of glycemia.

Figure 1 : A few examples of insulin pumps (from left to right and from top to bottom: a t:slim
x2 (Tandem), a Medtronic 780G (Medtronic), an Ypsopump (Ypsomed), a Dana i (Dana), and an
Accu-Chek Insight (Roche Diabetes).

CSII use in patients has contributed to improve glycemic control 1°, as shown by several meta-
analyses of randomised studies comparing MDI to CSII 1*-%°, The studies included within these
meta-analyses mostly compare glycated haemoglobin (HbAZ1c) in both insulin therapies. HbAlc
is a type of haemoglobin for which an elevation concentration mirrors a poor glycemic control
over the 3 previous months.

Contrary to MDI delivery, CSII offers the possibility to set various BR defined per time-windows
in the day, thus adjusting to the specific needs and lifestyle of a patient. Insulin consumption was
also reported to be weaker for insulin pump users compared to insulin delivered by MDI, for
identical glycemic targets.
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Struggle to reach stable glycemia even for pump users

Despite this clear efficiency of CSII in regulating blood glucose, a certain population of patients
with T1D struggles to maintain its glycemia within the target range, and is subject to frequent
hypoglycemic events and high glucose variability (GV) 2. An illustration of a glycemic profile
from a patient treated with a pump, with high GV can be found in Figure 2. Each coloured line
displays glycemic evolution through one day. Great variations from day-to-day can be observed
on this graph.

In addition to the complications associated with high GV and frequent hypoglycemia, they
constitute a heavy psychological burden which was thoroughly documented *°.

In such patients, the most often suspected causes for high GV are either co-pathologies associated
with T1D 718 or patient behaviour such as irregular food intakes, poor pump management, or
difficulties in estimating the carbohydrates they eat 1°2°, However, in some cases, none of these
suspected causes are sufficient in explaining GV.
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Figure 2: 14-days glycemic profile of a patient treated with CSII. Target
glycemic range delimited with a green background. Source: personal data
from Pr Riveline.

It is especially critical to identify sources for GV in pump users as pumps are now being associated
with continuous glucose measurement (CGM) and control algorithms into systems called “closed
loop systems”, or “hybrid closed loop systems”, which enable constant adjustment of the insulin
delivery according to the patient’s current needs. Any source of variability in insulin delivery
performance is likely to alter the proper function of the closed loop algorithm and therefore of
insulin administration.
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Looking for more causes for GV in patients treated with pumps

Pumps infuse insulin into the subcutaneous tissue through a catheter (Figure 3) which should be
changed every 3 days according to international recommendations 222 . Insulin therapy relies on
a reproducible absorption of insulin from this subcutaneous tissue 3. However, many parameters
can affect insulin absorption, and the insulin infusion site and infusion set was especially referred
to as the “Achilles heel off insulin pump delivery” 2* by Heinemann and Krinelke.

Figure 3: CSII catheters with various cannula length, material, or insertion angle. (Sources: A:
personal picture. B, C: https://waltzingthedragon.ca/diabetes/insulin-pumps-cgm/using-insulin-
pump-choosing-infusion-set-brands-features/)

A few studies have explored insulin subcutaneous depot and absorption 2°32, However, the vast
majority concentrates on one-off injections with pens or syringes such as those of MDI. Those
who do study CSII also concentrate on bolus injections, which are infusions of large amounts of
insulin, comparable with those of MDI.

However, to our knowledge, none studied subcutaneous absorption in BR delivery, which is the
very specificity of CSII, although many parameters are likely to introduce variability in BR
delivered insulin. Indeed, Luijf et al have observed that postprandial glycemic excursions are
higher on day 1 of catheter wear than it is on day 3 of wear 3, suggesting that insulin absorption
varies according to catheter age. The effect of the various delivery patterns of insulin pumps °, and
of the different basal rates, is also unknown. In addition, multiple infusion sites are recommended
to patients, namely abdomen, thighs and arms, and the impact of those various locations on
propagation is still unknown. A rotation between these possible infusion sites is recommended to
prevent the occurrence of lipodystrophies, which are a cause for disturbed insulin propagation, and
therefore disturbed insulin absorption 223, Catheter and cannula length, material, or cannula angle
of insertion, the type of insulin analog, are also all potential parameters affecting diffusion 253,
along with air bubbles in the tubing and obstructions due to insulin precipitation 35-%.

Obijective for this work
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This work aims at studying insulin subcutaneous propagation and absorption in the specific
case of an insulin pump, basal rate delivery.

Insulin absorption increases with the surface of the insulin subcutaneous depot *. No
method was developed yet to describe basal infusion of insulin to characterise
subcutaneous depot surface evolution. This project develops a follow-up method of
subcutaneous infusion in ex-vivo human explants by micro-computed tomography
and pressure measurement.

Implementation of this method allows to start exploring the impact of various basal rates
and CSII delivery patterns on insulin subcutaneous propagation.

Finally, due to the postprandial excursions after catheter changes observed in supervised
clinical settings, a clinical section of this work looks at catheter change impact on
patient glycemia in the hours following catheter change compared to other days of
CSII wear, both in open-loop CSII setting and in the context of a hybrid closed-loop
system.
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Chapter 1: A diverse and heterogeneous set of endpoints to
describe insulin absorption

1.1 A few words on skin structure and the subcutaneous tissue

The skin tissue is composed of three layers (Figure 4). The most superficial, the epidermis (0.1mm)

is mostly formed of keratinocytes, and the dermis (1-2mm) is mainly composed of fibroblasts and
extracellular matrix 3. Both are very rich in collagen “°. The third layer, the subcutaneous tissue

or hypodermis, is adipose tissue .. It is the target tissue for

CSII delivery and our main interest here.

. . . . ] Epidermis
The adipose tissue in the hypodermis is therefore composed

of adipocytes, which are organised into lobules *. These
lobules are visible to the naked eye (Figure 5), and are
separated by an interlobular septum mostly formed of
collagen * (Figure 6). The hypodermis is vascularized 444
by a network of capillaries of progressively decreasing
diameter 4. Its thickness varies according to body location
and fat mass.

| Dermis

Hypodermis

7] Muscle

Figure 4: Skin structure schematics (adapted
from Gradel et. al, 2018)

epidermis

Figure 5: Pictures from handling of explants. A. Skin explant from post-bariatric surgery with all three layers
of the skin visible. B. Three isolated fat lobules from a skin explant. C. Extraction of a group of lobules from
an explant.
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Figure 6: A sketch of a lobule of adipose tissue. Source: Comley and Fleck (2010)

1.2 Processes at subcutaneous infusion sites - contribution of pharmacokinetics on
vocabulary

In subcutaneous delivery, insulin should be deposited in the hypodermis at a depth that depends
on the choice of catheter (usually between 4 and 9 mm below the skin surface, according to catheter
length and angle). However the ultimate target that insulin must reach is the vascular system.

In a pharmacokinetics - pharmacodynamics (PK-PD) point of view, the subcutaneous tissue is the
first compartment, and the plasma is the target compartment “. Many models have been suggested
by various authors as possible approximations of how insulin exits that first compartment. A few
examples of these, models from several to no compartments in between the subcutaneous tissue
and the plasma, are presented in Figure 7.

SC Tissue Plasma SC Tissue Plasma SC Tissue  Interstitium Plasma

R OO RONS OCOSORSOL OGN0

k, lk,, lkd k.

A B &
Figure 7: A few examples from various PK-PD models for insulin absorption. Source: Nucci and

Cobelli, 2000. A. Single-compartment model by Kobayashi et. al, 1983. B. Two-compartment
model by Kraegen et. al, 1984. C. Two-compartment model by Puckett et. al 1995.
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We will not detail these models. However, although these are not descriptions of the mechanisms
happening in the subcutaneous tissue but models allowing to provide predictions best fitting
experimental data, these models provide a useful opportunity to precise both the vocabulary we
will be using, and also the parts of mechanism we are, or not, able to study.

Indeed, an extremely basic key distinction derives from these: it is not the same thing for the insulin
to expand into the subcutaneous tissue than for insulin to enter plasma.

Therefore, we will further call propagation the evolution of the volume of subcutaneous tissue
infused with insulin, whatever phenomenon drives this extension: whether active (pushed by pump
administration pressure for example), or passive. We will call diffusion, passive propagation only
(for instance resulting from a local concentration gradient).

We will call dispersion the state of propagation at a given time-point.

Insulin entering the plasma is the phenomenon we will call absorption. On the models presented
in Figure 7, this would correspond to the last arrow pointed to the plasma.

Quantifying absorption would be our ideal endpoint. However, it cannot be measured directly
and all quantifications are partial and indirect. For indeed, insulinemia (insulin concentration
in the patient’s blood) measurement, apart from being an invasive in vivo measurement requiring
regular blood sampling, does not take into account the insulin that has had an immediate effect and
was consumed already.

Other endpoints can help us understand insulin absorption. Some are upstream from absorption
itself, describing insulin depot shape and morphological characteristics mainly, others are
downstream, providing data on the pharmacokinetics of the insulin effect.

Yet, before we look into these possible indirect endpoints, let us introduce a few exceptions in the
literature, which did achieve to approximate absorption itself, although such studies would
nowadays no longer be reproduced for ethical reasons.

1.3 Afirststudy - Lauritzen et. al

A pioneering 1983 study from Lauritzen et al ° started investigations on insulin absorption in the
context of CSII use, at a time where CSII adoption was in its early stages and therefore incipient.
Lauritzen used radioactive *%I-labelled insulin. 8 patients were included and equipped with pumps
infusing radioactive insulin in basal delivery. Radioactive counting was then performed to quantify
insulin in the subcutaneous tissue, and blood glucose and serum free insulin measurements were
conducted on blood sampling on regular time intervals prior and after a bolus injection, on two
consecutive days.

Gathering this data allowed them to estimate insulin absorption rate. Indeed, as the instantaneous
increase in radioactive counts per min (cpm) at the subcutaneous depot at the time of bolus
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injection had to match with the bolus injection volume, they obtained an equivalence between cpm
and UI.

This allowed them to compute the volume of insulin absorbed between any two time points t; and
t> as the difference in insulin volume at the infusion site, to which is added the amount of insulin
delivered by the pump in that time.

In short, they were able to compute the insulin absorption rate A:.

A, — Vdg‘:’mf (fg) o Vdepﬂt(tl) + .Viﬂfused
" ty — 11

This study was performed using means which do not match the current ethical standards, exposing
patients to doses of radioactivity above reasonable levels, with no direct therapeutic goal
associated with the radioactivity.

This direct measure of the absorption rate did allow the authors to compare intrapatient day-to-day
variability in absorption, although the insulin infused (purified porcine insulin) is different from
the currently available human insulin analogs. The observed coefficient of variation for the day-
to-day intrapatient variability (upon 2 days) varied from 11 to 35%.

A few studies have followed using similar endpoints, looking at the effect of lipohypertrophy on
insulin absorption with 1%1-labelled insulin ° for instance in 1984, or the impact of various patient
phenotypes on the rate of insulin absorption ®! in 1993. This last study demonstrates a negative
correlation between adiposity (whether measured by skinfold thickness or BMI) and absorption
rate, and a positive correlation between insulin absorption and subcutaneous blood flow. It also
observed significantly quicker absorption in the abdomen and arm than in the thigh.

Although they provide interesting results, it is good news that such methods are no longer
available, and we must make the most of more indirect methods to describe absorption. Therefore,
let us now look into other endpoints that can help improve our understanding of insulin
subcutaneous absorption.

1.4 Upstream measurements: describing insulin propagation or insulin infusion site state
a. Studying the morphology of large subcutaneous depots

Various studies describe the morphology of the subcutaneous depot after injections of large
amounts of insulin similar to those of MDI schemes or CSII bolus delivery. Most of them use
swine skin tissue, which presents a close structure to human skin. Thomsen et al. along with Kim
etal. have looked at indicators such as the average size of insulin depots in the horizontal or vertical
directions, relying on X-ray imaging, sometimes associated with computed tomography 252829,
This was their endpoint to study the effect of infusion speed on insulin depot shape for syringe
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injections. Effect of injection volume, of needle length 2° or nature of injected tissue (whether
adipose or muscle tissue is reached) 2 was also considered. All of them agree that insulin appears
to spread preferably along a path of least resistance 2>2°, first along a plane parallel to the skin
surface, before spreading along a vertical axis. Such studies also look at spatial concentration of
contrast agent in the depot, namely the decrease in concentration when radial distance from the tip
of the cannula increases.

Most of these studies focus on the morphology of the injected volume of insulin once it has been
delivered. Only one study introduces a dynamic follow-up of insulin propagation in swine tissue
25 but upon volumes and delivery rates which sharply exceed the common volumes and delivery
rates of insulin a patient would receive in a whole day : the smallest rate of delivery they study is
of 25 units of insulin per minutes (Ul/min), up to 600 Ul/min, when standard rates of delivery for
insulin pumps are of 1 - 2 units of insulin per hour (Ul/h). Moreover, it only captures 2D-spatial
evolution and therefore displays limited information.

b. A few other endpoints from the literature describing CSII subcutaneous delivery upstream
from absorption.

Patte et al. have looked at conditions closer to our interest, for they measured the evolution of
tissue resistance pressure against various infusion rates of similar order of magnitude to those of
CSII bolus delivery ®2. This was achieved using a pressure transducer placed upstream from the
infusion set. They conclude that tissue resistance pressure increases significantly with higher
infusion rates. Regittnig et al. also conducted pressure measurements, noticing that tissue
resistance pressure increases with catheter wear-time *3. Both of these studies were performed in
Vivo, in humans.

Others have looked to conditions close to CSII delivery. Hauzenberger et al. perform in vivo pump
delivery in swine and histopathology on biopsies show that inflammation of the infusion site
increases with wear time and changes according to catheter type 3°-32,

1.5  Downstream measurements: glycemia and interstitial glucose

Two possible downstream endpoints partly result from insulin absorption, namely glycemia (blood
glucose) and interstitial glucose (glucose level in the interstitial fluid, measured by continuous
glucose monitoring systems). But both are also subject to many other phenomena and are not just
the result of insulin absorption, but also physical activity, food intake, metabolism, sleep or
emotions **.
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The principle of clamp studies does allow to partially bypass this issue by maintaining patients in
euglycemia under glucose perfusion *. Indeed, one then measures the glucose infusion rate (GIR)
that must be delivered to maintain the patient at a stable glycemia. This mirrors the insulin
metabolism, if the patient is healthy, or efficiency in insulin delivery, if the patient is under
exogenous insulin. Yet this measure still depends on the insulin sensitivity that varies according
to the patient.

a. Using standard pharmacokinetics variables to describe insulin absorption

Several works study insulin absorption according to various parameters, in the context of CSII,
making use of such endpoint and the classical variables associated with pharmacokinetics studies:
- the maximum concentration (either of glucose or of plasma insulin) upon a given time
window (Cmax),
- the time tmax to reach Cmax (Or tsosmax to reach 50% of Cmax)
- the half-life t1, of a substance (either insulin or glucose)
- the area under the curve (AUC) of the concentration evolution through time of a substance
(insulin or glucose)

Rini et al. ¢ for instance, particularly use tsowmax in @ randomised study comparing infusion using
an CSII delivering in the standard way to the subcutaneous tissue, and delivering through a
microneedle into the dermis. They found a significantly shorter tsossmax for dermal infusion which
allows them to deduce a quicker absorption in the case of dermal delivery in their cohort.

Another example of such metric deployed to obtain data on insulin absorption can be found in a
randomised study from Raz et al. ®’, who used tmax and the insulin AUC to see the impact on insulin
absorption of a heating patch placed on the infusion site compared to a control group with no
heating patch.

b. Studying insulin absorption using glucose clamp studies

Euglycemic clamp studies have also been used to get data upon absorption. We will provide a few
examples. Just as Raz et al, Cengiz et. al °® have looked into impacts of an infusion site warming
device on the time to reach the maximum GIR, tcirmax, ObServing a significant reduction of tcirmax
with the device *°.

In another study, efficiency of an innovative anti-occlusion infusion set (with additional openings
on the sides) was tested upon 7 days, among which 3 under euglycemic clamp. Tgirmax reduced
with time between day 1 and 7, suggesting quicker absorption rate as wear time increased.
However AUCgr upon the various days showed the total absorbed amount of insulin decreased
with wear time.
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Finally such studies were also used to compare absorption rates for various insulin analogs .
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Figure 8: graphical summary of the various metrics to approach insulin absorption

Up to this point, several approaches to indirectly describe insulin absorption have been made,
either upstream from the absorption phenomenon itself, or downstream from the absorption. These
approaches are graphically summed up in Figure 8.

1.6 One link between upstream and downstream measurements: Mader et al.

Upon these different studies, one work from Mader et al. *® builds a bridge between morphological
analysis of insulin depot in the tissue and insulin absorption via a clamp study and glucose infusion
rate (GIR) measurement. Indeed, they compare two administration strategies for a given volume
of bolus. They show that increasing the surface-to-volume ratio (STVR) using a dispersed injection
strategy (one volume delivered via 9 infusion spots VS the same volume delivered in one single
spot, see Figure 9) decreases the time to reach maximum GIR, and therefore the insulin absorption
speed.
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Figure 9: A. 3D reconstruction of the micro-computed tomography measurements of the two
injection strategies performed ex-vivo. B. Mean surface-to-volume ratios comparing two
injection strategies (1 x 18 Ul vs. 9 x 2 Ul). **P < 0.01. Source: Mader et al, 2013.

Although this result is rather intuitive, for increasing the STVR of an insulin depot increases the
interface with the tissue microvascularisation, thus facilitating absorption, such demonstration was
lacking in the literature until 2013. It provides a link between upstream and downstream
measurements, showing that morphological study of the depot is a meaningful and valid choice,
as it directly impacts the absorption rate of insulin.
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Chapter 2: Sources of variability in insulin absorption

Last section clarified that insulin absorption is dependent on insulin depot morphology, and
therefore, on insulin propagation in the tissue. This propagation is itself dependent on many factors
such as the mechanical and biological characteristics of the tissue, or various aspects of the infusion
system. A brief overview of these factors will be introduced in this chapter. When the exact effect
of these factors on skin mechanics and on subcutaneously delivered drugs is known, it will be
detailed. However for several factors, the specific consequence on drug propagation is only
suspected but not described.

We will discuss the impact of patient phenotype, of infusion site location, catheter wear-time and
inflammation at the infusion site. We will mention hypodermis microvascularisation variability,
external mechanical actions applied to the infusion site, and lipodystrophies. We will finish on the
variability which the pump itself can cause.

2.1  Patient phenotype

Many aspects of patient phenotype are likely to affect insulin absorption. Both age and gender
majorly influence skin mechanics: age is associated with elasticity loss 2%, and female skin was
shown to be thinner and more elastic than male 4. Pigmentation is sometimes suspected to have
an effect on epidermal and dermal thickness, but there are very few studies on the matter, and those
which do exist only cover a limited range of the world population . Moreover, no data was found
on phototype influencing the mechanics of the subcutaneous adipose tissue ®, thus potentially
affecting insulin propagation.

Finally, smoking habits have been demonstrated to trigger a loss in elasticity and thickness
modifications 826768 which could modify insulin propagation in the tissue, but also, was associated
with a reduced insulin subcutaneous absorption speed .

All of these patient-dependent parameters add up in intra-individual irisullisiinjection sites
variability in insulin absorption. - @
2.2 Impact of infusion site location S——

. . L — ams ——_8
Recommended body locations for insulin infusion are the abdomen, B\ ) e
outside fonts of thighs, upper buttock and lower back, and the back
of the arm 2! (Figure 10). The impact of those various locations of T

insulin absorption itself is scarcely known 24, Epidermal and dermal
thickness and elasticity vary according to body location ", but not
much data is available on the subcutaneous tissue mechanical

variations according to body location. In a 1981 study,
Figure 10: Recommended insulin
infusion sites. Source:
diabetesmyway.nhs.uk, NHS.
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a plasma insulin follow-up was performed after various injections and suggested quicker
absorption in the abdomen than in the thighs ’* but these data were obtained under long-acting
non-human insulins, not delivered through CSII. A few slightly more recent studies confirm that
tendency 27 but still not with CSII.

Furthermore, failure to change infusion site every 3 days when renewing the catheter (often called
“rotating infusion site” in the literature), could lead to an increased intra-individual variability of
absorption, according to data obtained with radiolabelled insulin 7.

2.3 Impact of catheter wear-time

Several studies demonstrate the effect of the CSII catheter wear-time on the resulting glycemia.
Set aside the release of a new extended wear-time catheter designed to be changed every 7 days
by Medtronic (™) in 2021 ', catheters should be changed every 3 days according to
recommendations and this change should be associated with an infusion site rotation °. Yet, many
patients keep their catheters for longer periods of time, either out of comfort reasons or sometimes,
for economic reasons %,

Several observations in the literature are to be noted. Luijf et. al * noticed in 2013 higher
postprandial glucose excursions following initiation of a new infusion site, compared to the
postprandial glucose excursions 72h later (Figure 11). These results were obtained by follow-up
of plasma insulin and glycemia constants by blood sampling following test meals, in a randomised
study. They could suggest insulin absorption is less efficient (more laborious) on the first day of
catheter wear. Yet no difference in the AUCgr and AUCpiasma insulin between day 1 and 3 were
found, which rather points towards a slower absorption (lower absorption rate) on day 1 but no
difference in overall insulin absorption.

Postprandial Glucose Levels

-+ PP day 1
-+ CP day 1
© PP day 3
4 CP day3

Glucose mg/dL

B e e e o R A e

0 60 120 180 240 300
time (min)

Figure 11: Mean postprandial glucose excursions for Day 1
and Day 3 of patch pump (PP) and catheter-based
conventional pump (CP) use, upon 20 patients. Source:
Luijf et. al, 2013
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Looking at timings a little further away from day 1, Swan et. al /" had already been comparing
bolus effect on day 1 and 84h after infusion site initiation, using a clamp study, in youth treated
with CSII. They found a significantly shorter tcirmax On day 4 compared to day 1, but similar
AUCgIr, which in other words corresponds to a quicker absorption rate on day 4 but no difference
in the total absorption. These results are therefore consistent with those of Luijf.

Despite these results, Karlin et al. " describe an increase in fasting blood glucose, and therefore

potentially in basal insulin absorption, after day 3 of catheter wear, and an online study upon the

T1D exchange community suggests mean fasting blood glucose increase with each day of catheter
79

use .

2.4 Inflammation at the infusion site

Increasing inflammation with wear-time is observed at the infusion site by several authors 3032,
This inflammation is likely to affect the local mechanical characteristics of the subcutaneous
tissue, increasing its stiffness. In line with that hypothesis, Regittnig et. al > observes a progressive
increase in tissue pressure resistance with wear-time of catheter at the infusion site up to 7 days of
catheter wear. They hypothesise that this increased resistance of the tissue may be due to
inflammation, and thus to the accumulation of collagen fibrils and cells such as fibroblasts at the
infusion site, increasing stiffness and “increasing the path length to fluid flow by imposing a
tortuous pathway [to the infused insulin]” °. Another potential effect of inflammation is an
increased blood flow with the recruitment of blood vessels to the inflamed tissue. This, on the
contrary, would have an opposite effect to stiffening of the tissue as the increase in blood flow is
likely to improve absorption.

Finally, according to Hauzenberger et al, who have noticed high PK-PD intra-individual standard
deviations in their swine study 3!, this inflammation could also favour a high intra-individual
variability of absorption.

2.5  Hypodermis microvascularisation variability

Studies using radiolabelled insulin have demonstrated a positive relationship between
subcutaneous blood flow and insulin absorption rate 881, And we know subcutaneous blood flow
increases with temperature 82, and varies according to physical exercise, smoking, metabolism
and hormonal cycles 848 Interestingly, there is also some suspicion that diabetes itself alters skin
blood flow .

2.6 External actions on infusion site
Several studies show shorter time to maximum insulinemia when a warming device is being used

upon the infusion site, which is consistent with the previously mentioned studies °"8, Such an
effect has also been reported when a mechanical action is exerted upon the skin, typically when
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patients massage their infusion site 8. This however is probably due to an increased STVR of the
insulin depot rather than to an increase in blood flow .

2.7 Lipodystrophies

Lipodystrophies (hypertrophies or atrophies) are a misbehaviour occurring in the adipocytes
undergoing frequent contact with insulin 8%, They can therefore occur at / around infusion sites,
especially when patients fail to rotate their infusion site as recommended . Pain at infusion sites
can sometimes be belittled upon lipodystrophies, which does encourage some patients to
repeatedly use dystrophic tissues for infusion %,

Lipodystrophies are known to be deleterious for insulin absorption:
- Lipohypertrophies were shown to delay insulin absorption °
- Changing injection site from a lipodystrophic area to a healthy one was shown to improve
glycemic control significantly 349
- Some authors even suspect insulin to degrade locally in lipodystrophic areas, leading to an
even less efficient and more erratic effect on glycemia %2

2.8 Impact of the insulin pump infusion profile, pump model and basal rate

Although it was only documented upon these last 4 years, CSII do not all deliver the same way
993 From one manufacturer to the other, the engineering choices that were made affect the flowrate
pattern of the pump. This was extensively described by Girardot et al *%3%. One observation is
that the strategies of delivery can differ from one model to the other, and some pumps increase the
frequency of single-volume impulsions to modulate their pump’s basal rate, while others deliver
impulsions of various volumes at a fixed frequency to achieve that °.

But another important observation is that some insulin impulsions are sharp, others are smooth and
some have their flowrate in triangular patterns (Figure 12). The instantaneous flowrate
measurements which were enabled in the context of Girardot’s work, display a wide range of
instantaneous flowrate values according to the CSIlI model. The mechanical response of the tissue
to such different delivery patterns and signals has not been at all explored yet, but is likely to affect
the formation of the insulin depot and therefore, its absorption.

32



Flowrate (Ulfh)

0.007

0.006

0.005

0.003

Flowrate (Ul/h)

0.002

0.001

0.000

00014

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

0.0000

0.004

General shape of flowrate signal for Minimed 640 G at 2Ul/h General shape of flowrate signal for Ypsopump at 2UlI/h

A | e B
0.003
£
=
&
o
£ o002
2
i
0.001
.‘ 0.000
0 1 2 3 a 5 & 7 8 0 1 2 3 4 5 3 7 8
Time (h) Time (h)
General shape of flowrate signal for Omniped at 2UI/h General shape of flowrate signal for Tandem at 2Ul/h
0025 D
I 0020
| | i | S 0015
U i | :
i | ®
il . 1 i . z
i ({1 2
i e [ T 0010
it »r_ . y f 17 T, \
l T Ll [
i 0005
0.000
0 1 2 3 a 5 E 7 8 0 1 2 3 4 5 6 7 8

Time (h) Time (h)

Figure 12: Basal infusion profile of 4 different pump models during 8h at 2UlI/h. Vertical scales are
different between the four graphs. Source: Unpublished data from Dr Girardot. Profiles for: A. A Minimed
640G. B. An Ypsopump. C. An Omnipod. D. A t:slim x2.

A 2023 paper by Kalus et. al, describes the level of inflammation on skin biopsies from infusion
sites in patients with T1D *°. Patients were equipped from various pump models. Differences in
inflammation and especially in the number of eosinophils found at the infusion site, were observed
between pump models. Considering the small number of patients using each pump, no statistical
significance could be found. The hypothesis for that phenomenon provided by the authors is the
existence of undocumented differences in insulin reservoir material between pump models, which
could explain these different biological responses once insulin is infused. However, the
observation could also nurture the hypothesis of various inflammation levels triggered in the tissue
by the different delivery patterns of the pumps and therefore, to the differences in amplitude of the
mechanical stress repeatedly applied to the tissue according to pump model.
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To conclude, many parameters are likely to greatly impact insulin propagation and absorption in
the tissue, most of them are partially documented only. Building a method that allows to describe
insulin propagation in the tissue in the specific case of basal delivery, which is the delivery mode
patients spend the most of their time in, is a necessary step to achieve comparison of these

parameters on the propagation (and therefore indirectly on the absorption) of insulin in the
subcutaneous tissue.
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Chapter 3: Building the method for the analysis of
subcutaneous propagation of insulin, including home-based
preliminary experimentations (lockdown)

Summary of the literature review
A brief summary of the literature review in the perspective of our problem:

= Itissuggested that subcutaneous insulin absorption could be involved in glucose variability
in patients living with type 1 diabetes
- No direct means are available to measure insulin absorption. Only a few techniques exist
to indirectly evaluate insulin absorption in various conditions, by quantifying either the
phenomena occurring before, or after absorption (Chapter 1).
= The insulin spread in the tissue can be quantified and a high surface-to-volume ratio was
associated with an increased rate of insulin absorption 3,
Insulin spatial propagation in the tissue is therefore critical to an efficient absorption.
Very little data is available on insulin propagation in the tissue. Existing studies all present
at least one, and often two of these main limits :
& They are swine-based studies, rather than human ones 2>
& They focus on large amounts of insulin delivered, such as those of bolus delivery,
rather than the small rates of basal delivery, which is the one delivery mode patients
spend most of their time in 2%,
& They are not time-dependent studies, but centred on a single time-point after
delivery 26-2°,

vl

Our intent was to build an ex-vivo method which would address these three limits and describe
insulin propagation in the tissue. This, in order to compare various infusion parameters among
which principally:

- Pump delivery pattern

- Basal rate of delivery

- Shape of cannula

3.1  Choosing the infusion medium

A few options were available as to which medium should be chosen to perform an ex-vivo
assessment of insulin infusion. Since 2013, animal dermatological testing is no longer allowed for
the cosmetic industry %. As a consequence, many testing alternatives have been developed to
further perform tests prior to cosmetic products being dispatched unto the market. These
alternatives provide interesting possibilities for infusion and injections evaluation.
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a. Skin cells culture and skin cells bioprinting?

Skin cell culture of epidermal or dermal cells have been increasingly used to test cosmetics and
substances "%, Some laboratories even use 3D printing to perform printing of gels with embedded
skin cells to create a 3D structure of skin cells °.

Although these models do reproduce part of the biological response and metabolism of the cells,
they do not present the mechanical properties of natural human skin which is a critical aspect for
the experimental relevance of the injections intended in this project.

b. Skin explants from post-bariatric surgery

A few companies have developed solutions to maintain skin from post-bariatric surgery in survival
for a few days. They show good survival for 7 to 10 days post-surgery. The content of their
solutions is patented and undisclosed.

We chose to work with Bio-EC laboratories, who provided the survival Medium (BEMc - Bio-EC
Explant Medium, Bio-EC, Longjumeau) ° and adapted the dimensions of the explants to the
dimensions required for our project.

Explants provided were cylindrical, with a 3 cm diameter and a thickness comprised within 1.5
and 2cm. Such dimensions allow the adhesive part to be fully placed upon the explant and the
inserted cannula length to be within the depth of the adipose tissue (Figure 13: Explants from post
bariatric surgery. A. 3 explants from one batch, in their survival medium. B. One explant, out of
survival medium. C. Another explant with catheter and cannula inserted.).

Figure 13: Explants from post bariatric surgery. A. 3 explants from one batch, in their survival
medium. B. One explant, out of survival medium. C. Another explant with catheter and cannula
inserted.

Such explants were provided in batches of 6, coming from the same donor. The only data available
about the donors were their age, sex and phototype upon the Fitzpatrick scale 1t (Table 1:
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Fitzpatrick Classification of Skin Types I through VI. Source: Ward WH, Lambreton F, Goel N,
et al. Clinical Presentation and Staging of Melanoma, 2017).

Typel Type I1 Type III Type IV TyvpeV Type VI

White skin. Fair skin. Always Average skin color. Light-brown  Brown skin. Black skin. Heavily

Always burns, burns, tans with  Sometimes mild burn, skin. Rarely Never burns.  pigmented. Never

never tans. difficulty. tan about average. burns. Tans Tans very burns, tans very easily.
easily. easily.

Table 1: Fitzpatrick Classification of Skin Types | through V1. Source: Ward WH, Lambreton F,
Goel N, et al. Clinical Presentation and Staging of Melanoma, 2017

Overall this project, 13 batches of 6 explants were collected (Table 2). One donor was male. All
samples were collected from abdominal surgery.

Age Sexe Phototype (Fitzpatrick)

Donor 1 48 F 5
Donor 2 46 F 6
Donor 3 33 F 2
Donor 4 39 F 5
Donor 5 45 F 3
Donor 6 55 F 3
Donor 7 57 F 2
Donor 8 43 F 5
Donor 9 51 F 2
Donor 10 33 F 3
Donor 11 52 F 2
Donor 12 47 M 2
Donor 13 39 F 3

Mean age: 45.23

Table 2: Available patient data: age, sex, skin Fitzpatrick scale
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Before infusions were performed, explants were stored at 37°C in an incubator (95% humidity,
5% CO2). The adipose tissue was immersed in the BEMc survival medium which was renewed
every 2 days. All infusions were performed between 2 and 8 days after surgery.

Unlike a large number of studies 252%3!, these explants are of human origin, rather than swine,
which constitutes a big step towards clinical relevance. Yet these tissues come from patients who
underwent post-bariatric surgery, and therefore who were once obese. High weight variations are
known to increase fibrosis in the tissue and the amount of collagen in the interlobular septum 12,
Such a change is likely to increase the stiffness of the tissue “, compared to tissue from non-obese
patients, as are most patients with type 1 diabetes.

However, surgical tissue from non-obese patients, sourced from aesthetic surgery, is much rarer.
Also, it is available in smaller amounts for one individual patient, for indeed less skin being
removed: this provides less opportunity to explore intra-individual variability.

Although the possibility of collecting such non-obese tissue was discussed with Bio-EC, it did not
occur during the scope of this project.

3.2  Covid 19 and confinement: waiting for human skin to be available, performing tests on
pork tails

The Covid-19 crisis occurred just before the planned reception of the first human explants.
Suddenly and for an undefined period of time, post-bariatric surgeries were not prioritized,
therefore no longer happening. As a consequence, no human explant was available. Additionally,
one had to stay home and no part of the project could start the way it had previously been defined.

At disposal were two pressure sensors (Elvesys MPS0), a flowmeter (Bronkhorst™ ML120), and
insulin pumps (Tandem t:slim x2, Medtronic 640G, Ypsomed Ypsopump), which were
temporarily retrieved from the lab and brought home.

A home test bench was constituted with pressure sensors, the flowmeter, and alternatively the
Tandem and the Medtronic pumps (Figure 14). The following infusion mediums were used with
water and blue staining (destined to food consumption) injected as continuous flow or boluses:
- Pork tail (destined to food consumption) bought from local butcher
- Gels made from various concentrations of gelatine, agar-agar and colza oil (all destined for
food consumption). Concentrations of gelatine, agar-agar and oil were measured from
home with no material other than teaspoons and are not reported later.

Infusions in pork tails were intended for follow up of infusion pressure and flowrate only. Due to

the transparency of the gels, a visual, camera-based follow up of the insulin spread in the medium
was also possible in addition to pressure and flowrate (Figure 15).
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Figure 14: A. Home infusion bench setup: 1 - Insulin Pump. 2 - Pressure Sensors (upstream and downstream
from flowmeter). 3 - Bronkhorst ML120 Flowmeter. 4 - Injection site. 5 - Agar gel. 6 - Real-time data
collection. 7 - Camera (phone). B, C. Bench pictures.

Figure 15: Infusing blue stained water into gel. A. A gel during cannula insertion. B. Blue
stained water that spread along a plane inside the gel. C. Blue stained water on top of the gel at
the end of infusion.

a. Pork tails infusions

18 basal infusions of at least 3h were performed in pork tails, at 2, 1, 0.5 and 0.1Ul/h (Table 3:
Durations observed before a pressure drop occurred in the tubing for 18 infusions performed in
pork tails.). Observations of pressure during basal infusion in pork tail tissue showed on several
occasions, pressure build-ups upon several minutes, sometimes hours, before an abrupt pressure
drop (Figure 16).

This phenomenon happened in 78% of the infusions. In the other infusion situation, no pressure
build-up was observed.
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Basal rate
(Ul/h)

Duration before
pressure drop
(min)

15
8
20
0
7
0
10
11

1 0.5 0.1
20 35 105
15 0
20 30
25
107
0

Table 3: Durations observed before a pressure drop occurred in the tubing for 18 infusions
performed in pork tails.
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Figure 16: Pressure evolution inside the tubing during 1UI/h basal infusion in pork tail.

In bolus delivery, similar phenomena did occur. As for basal delivery, it did not happen in all the
injected boluses. Also, it only happened on the first bolus infused in new infusion sites. For
instance, in series of bolus of 2UI (Figure 17 A), only the first was preceded by a pressure peak
(Figure 17 B). During the pressure build-up, the flowrate of delivery was lower than after the

pressure drop (Figure 17 C).
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Figure 17: Pressure record of three successive 2UI boluses. Blue and red lines represent pressure
upstream and downstream from the flowmeter respectively. A. Full test (800 seconds) with all
three boluses. B. Extract of the pressure measurement during the first out of three bolus. C.
Extract of flowrate measurement during the first out of three bolus.

b. Gelatine and agar-agar gels infusion

On the opposite, independently from the doses of gelling agents involved, none of the infusions
performed in gels were associated with pressure elevations. Visual observation of the blue
stained water infused inside the transparent gel (Figure 15) did allow to make the following
observations:

- As soon as the infusion had started, blue-stained water spread inside the gel along a
determined plane (Figure 15 B). The likely hypothesis is that the gel is too brittle and the
infusion creates a mechanical constraint that splits the gel along a plane from the very
initiation of the infusion.

- On some infusions, the blue stained water flowed back along the inserted cannula and
went onto the surface of the gel (Figure 15 C). Such phenomena do exist in human
insulin CSII delivery, with insulin accumulating at the surface of the skin (easily
detectable by patients as humidity can be felt upon the skin, and insulin can be smelled).

The absence of pressure variation in the gels can probably be explained by the fact that blue-stained
water spreads along a plane split open in the infusion medium. However, it appears to us that no
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more information than this can be extracted from gel infusion: the absence of pressure build-up
demonstrates that it cannot be compared to tissue infusion.

On the other hand, pork tails infusions provide two notable facts. Indeed, in our tests:
- Pressure build-ups occur, and can last for various lengths of time from 25 min to 2h30,
on new infusion sites only.
- There is a binary behaviour: such build-ups on new infusion sites do not always occur.
Either such build-ups happen (78%), or they do not, with no evident causality for this
different pressure response.

3.3 First human skin explant infusions
A few months later, when the sanitary crisis was less acute, we had access to the first human

explants of the project. It was the opportunity to test the same protocol upon human samples, with
Insulin Aspart U100, a standard insulin analog used for CSII (Figure 18 A and B).

-

Figure 18: Lab infusion bench setup, with no imaging. A. 1 - Insulin Pump. 2 - Pressure Sensors
(upstream and downstream from flowmeter). 3 - Bronkhorst ML120 Flowmeter. 4 - Injection
site. 5 - Human skin explant. 6 - Real-time data collection. 7 - Camera (phone)

B. Picture of lab infusion bench during explant infusion.

Infusions were performed on 19 human explants with a basal pump delivery at 2Ul/h, 1Ul/h,
0.5Ul/h and 0.1Ul/h (Table 4: Durations observed before a pressure drop occurred in the tubing
for infusions performed in 19 human explants.). Pressure data was collected through the sensors
with the Elvesys Elveflow software and plotted. A similar phenomenon to pork tail infusion was
observed: pressure build-ups were observed, in 52% of infusions. When build-ups were observed,
the mean duration before pressure drops was of 18.75 min (minimum of 5 min, maximum of 45
min) for infusions at 1 and 2 Ul/h, and of 78 min (minimum of 40 min, maximum of 9h) for
infusions at 0.1Ul/h. Figure 19 A provides an example of pressure record where no pressure build-
up was observed, whereas Figure 19 B displays the pressure record of an infusion where a pressure
drop occurred after 25min.
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Basal rate (Ul/h) 2 1 0.5 0.1

10 15 0 170
Observed duration before 25 0 0 240
pressure drop (min) 25 15 0 45
for tests performed on 19 5 0 0 0
different human explants
45 0
10

Table 4: Durations observed before a pressure drop occurred in the tubing for infusions
performed in 19 human explants.
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Figure 19: Pressure record of two human explant infusions. A: Delivery at 0.5Ul/h, no pressure
build-up observed. B: Delivery at 2Ul/h, pressure build-up observed until 25min of delivery.

3.4 Hypotheses triggered by pressure build-ups

From these non-systematic pressure build-up observation, and with no imaging opportunity at the
time, we built the following hypothesis: in a new infusion site, a local retention of the infused
insulin occurs, with a pocket of fluid created within the adipose tissue being progressively filled
with the fluid (Figure 20). While the pocket is being filled, pressure increases inside the pocket
and therefore, inside the tubing which is directly connected to the pocket via the cannula. Once a
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critical pressure is reached, the pocket bursts, and the pressure drops, allowing the insulin to spread
further away in the tissue.

N/
N
N
Critical pressure

Figure 20: lllustration of the insulin retention hypothesis

This hypothesis would contribute to explaining the pressure build-up observed, however it does
not explain that this observation is not systematic.

In order to explain the non-systematic pressure build-up, an additional hypothesis was developed
upon that first hypothesis. As stated previously, the subcutaneous adipose tissue is constituted of
fat lobules that are separated by an interlobular septum mostly formed of collagen. Some studies
do suggest that insulin propagates along the path of least resistance in the tissue, which could be
this septum 1%,

We hypothesise the following: when the cannula is inserted in such a way that the tip of the cannula
is at the interlobular septum, insulin propagates immediately when delivered. There is then no
retention and no pressure build-up. On the other hand, when the tip of the cannula is inside a lobule,
a retention and the associated pressure build-up is observed.

a. What would be the clinical impact of those hypotheses?
If a retention occurs at the infusion site, and a pocket of fluid is being progressively filled, then, as
long as this pocket has not burst, only the insulin located at the external surface of the pocket is
really bioavailable. Hence, the bioavailability of the infused insulin is much more reduced than it

should be for one given amount of insulin delivered.

In that context, ruling on such a hypothesis could be especially clinically relevant as the amount
of time observed before the pressure drop reaches several hours in some of the infusions.
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b. Failure to test the lobule hypothesis

As no imaging was available then, fat lobules were isolated from one another from some explants
with the intention of separately infusing them (Figure 21 A). If 100% of the infusions targeting
directly the centre of an isolated lobule were associated with a pressure build-up, the hypothesis
would be strengthened.

This apparently simple protocol was unfortunately impossible to properly execute for the
following reasons:

- Infusions in single lobules were very challenging (Figure 21 B), although solutions were
found to prevent movement of both the cannula and the lobule by casting the lobules into
gelatine gels (Figure 21 C).

- The mechanical action of detaching the lobules from one another was damaging the
lobules, provoking ruptures in the surrounding pellicule of interlobular septum. This
undermined the chances of indeed observing pressure build-ups in the case the hypothesis
was true.

- One never fully knew if one isolated lobule was not actually several lobules still attached
together, and therefore, if no interlobular wall really did not cross the isolated fat pad.
Indeed, eye observation was insufficient and lobules dimension did not allow systematic
microscopic observation.

Figure 21: Fat lobules. A. Isolated lobules. B. Struggling to infuse an isolated lobule. C. Three
lobules (or sub-groups of lobules) cast into a gel.

35 Imaging the tissue
a. Static imaging

One study from Jockel et. al 2 has performed some static ex-vivo imaging of boluses of dyed
insulin delivered using a pump in swine tissue (abdominal and kidney regions). They snap-froze
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the samples after infusion and performed systematic 20um cuts in planes parallel to the epidermis.
At each slice, and photographed the tissue which displayed the location of the insulin thanks to the
dye (Figure 22 A). This allowed them to rebuild rough 3D reconstructions of the insulin depots

(Figure 22 B).

Figure 22: Reconstruction of insulin depot based on frozen cuts photography. Source: Jockel et.
al, 2013. A. Photograph of frozen swine sample infused with dyed insulin, sliced in a parallel
plane to the epidermis. B. 3D reconstruction of insulin depot based on slices photographs.

In order to have a more precise idea of the shape of an insulin depot after basal delivery, we
similarly performed static post-infusion imaging. Although some blue dye was added to the
infused insulin Aspart U100 in order to spot the location of the infused region during the cutting
process and identify the slices of interest (Figure 23), we performed insulin identification using
fluorescent histological staining.
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Figure 23: Photographs of snap-frozen human skin explant and infused insulin with blue
staining, during the cutting process. Slice plane orthogonal to the epidermis. A, B, C, D: Slices of
the same explant, at various depths of the sample.

i. Staining protocol

Explants were embedded within an OCT gel (Q path tissue OCT, ref 00411243, VWR chemicals).
Cuts of 8um were performed at -30°C using a cryostat (Leica CM3050 S). Slides were kept at -
80°C before histological processing.

Slides were then put at ambient temperature in 4% formalin (HT501128, Sigma-Aldrich) for
10min. After antigen retrieval, a bovine serum albumin (A2153-100G, Sigma-Aldrich) blocking
was performed in PBS with 3% BSA.

The insulin Aspart which was infused in the explants is an insulin analog with slight amino-acid
modifications. The antibodies developed for insulin staining are most generally used for
endogenous insulin identification. Although the amino-acid change of insulin Aspart is minimal
compared to original insulin (aspartic acid replaced by proline in B28 position), not all primary
antibodies were efficient. After trying to adapt several protocols with an rabbit-produced C27C9
anti-insulin antibody, we were advised an mouse monoclonal anti-insulin alternative primary
antibody (clone K36AC10) % which did mark the infused insulin analog successfully.

Slides were incubated with primary antibody (1:1200 in PBS) for 2h and twice rinsed with PBS
for 5 min.

Anti-mouse 647nm fluorescent secondary antibody (ab150127, Alexa Fluor® 647, Abcam)
incubation (1:200 in PBS) lasted 1h and was twice rinsed with PBS for 5 min.
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Counterstaining with Hoechst (Hoechst 33342, Thermoscientific) at 1:10000 was left for
incubation for 1 min and was twice rinsed with PBS for 5 min before mounting.

Additionally, on separate slides, picrosirius red was used to stain collagen in the tissue %. The
Picrosirius red protocol can be found in annex.

ii. Histological images

This allowed to generate images of explants infused with insulin Aspart.

Figure 24: Picrosirius red-stained and immunofluorescent slides of insulin-infused explant. A.
Picrosirius red stained slice. B. Immunofluorescence slide of the same explant (647 nm for

insulin staining, pink; 457 nm for Hoechst nuclei staining, blue).
C, D, E: Magnifications of B.

These fluorescence and picrosirius red images of the explants display several features:

Picrosirius red staining, which colours collagen, is positive in the dermis and on thin lines
which divide the hypodermis in compartments (Figure 24 A). These lines constitute the
interlobular walls (see structure of the skin tissue, Chapter 1).

In between these walls, adipocytes are apparent (Figure 24 D). Hoechst staining colours
all cell nuclei in blue, including adipocytes (Figure 24 D).
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- Insulin is visible in pink (647 nm) (Figure 24 B). It is mostly present in between the
lobules, along the septum. Successive photographs of the slicing process also display a
presence of insulin around the lobules (Figure 23). This suggests a preferred propagation
along the interlobular septum.

- Inside the areas positive for insulin (Figure 24 C) are black areas, with no fluorescent signal
(Figure 24 D), including no signal for Hoechst coloration, which displays all cell nuclei.
There is therefore no tissue in these regions: the surrounding tissues were torn, thus the
empty space on the slice. These tearings could either have occurred during the slicing
process or during infusion itself, but suggest anyhow a local mechanical weakening of
the tissue in the areas where insulin was infused.

Despite the quality of the histological images and the precious information collected, these provide
limited information concerning the propagation in the tissue through time. Therefore, we
explored the different imaging technologies available to dynamically follow a basal pump infusion
in the tissue.

b. Dynamic imaging

In order to obtain a dynamic follow-up of insulin propagation, three main technologies were
considered: micro magnetic resonance imaging (UMRI), micro computed tomography
scanner (UCT), and ultrasound. Criteria did not only include the possibility for dynamic imaging,
but also the possibility to perform additional measurements such as pressure and/or flowrate
measurements upstream from the infusion site. Also, considering the choice to image basal
delivery, the insulin volume delivered by one impulsion should be detectable. Indeed, the smallest
volume delivered per impulsions at a standard rate of 1UI/h upon all pumps on the French market
is 0.83pL (t:slim x2), which corresponds to a spherical volume of radius 0.58mm.

i. UMRI

MRI dimensioned for the imaging of small animals was one of the considered imaging
possibilities. In such a case, insulin would have been infused with a gadolinium contrast agent.
However it did not appear achievable to keep the pump at sufficient proximity of the imaging
chamber to ensure delivery without damaging the pump due to the magnetic field. Similarly,
performing additional measurements (pressure and/or flowrate) was not possible without
damaging the measurement equipment.

ii. Ultrasound
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High-resolution ultrasound measurements were discarded because the required resolution
necessary to detect 0.5mm objects could not be reached for wavelengths within 13 and 50MHz,
which are the necessary range of wavelengths to image deeper than 1cm in the tissue 1%,

iii. uCT scanner

The uCT scanner we had access to was designed for in vivo imaging %7, and therefore had a
chamber protecting the pump from the X-rays and enabling additional measurements.

The adjunction of an iodine-based contrast agent was necessary. Superposability of iodine
contrast agent and insulin subcutaneous depots in the case of a mixture of insulin and CA
injection has already been demonstrated 28,

Up to an 9um resolution is available on this device
impulsions at standard BR.

107 \which is sufficient to detect the insulin

For these reasons, we chose to use a p-CT scanner. Precisions on the operation principle of this
imaging technique will be detailed in Chapter 4.

In order to ensure a basal delivery in conditions as close to reality as possible, and due to the small
diameter of the delivering cannulas of the pumps, we ensured that viscosity of the contrast agent
and insulin mixture that we used was minimally impacting the viscosity of the fluid. These
viscosity test results are available in the annex of the article presented in Chapter 4.

3.6  Towards synchronised and continuous imaging and pressure recordings of basal CSIlI
delivery in human explants

When the Covid-19 crisis acute phase was over, synchronised access to human explants and to
imaging through uCT scanner was finally available.

At this stage, our objectives were clear:

- Using these tools, building a method that would allow to describe insulin propagation in
skin explants, using both imaging, pressure and maybe flow rate. The intent was to be able
to use this method to compare infusions with various infusion parameters (pump model,
basal rate, cannula length, shape and material).

- Using this opportunity to confirm or infirm the retention and the lobule hypothesis.

Our observations of pressure build up at the initiation of infusion sites on one the one hand,
and the existence of studies demonstrating glycemic excursions shortly after catheter change
on the other hand, strengthened the relevance of such an ex-vivo study in skin tissue that had
not previously been infused with insulin. This was the opportunity to study specifically the
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insulin propagation (and potential insulin propagation failures) at the initiation of the new infusion
site, likely to affect the efficiency of the administration during the first hours of infusion.
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Chapter 4: New ex-vivo method to objectively assess insulin
spatial subcutaneous dispersion through time during pump
basal administration (including submitted article)

Preliminary experiments described in Chapter 3 have strengthened the relevance of studying
insulin spatial propagation in the tissue in insulin naive skin samples. pCT-scanner has been
identified as an adapted imaging technique, compatible both with a 3D follow-up of the infusion
through time and with additional continuous measurements (pressure and flowrate in the tubing).

The present section first describes the digital image processing that has been performed for the
analysis of uCT outputs, as it could only briefly be described in the article. Then, the submitted
article “New ex-vivo method to objectively assess insulin spatial subcutaneous dispersion through
time during pump basal administration” is displayed.

We will then come back to the retention and lobule hypothesis stated in Chapter 3. Finally, we
will present the results of some additional experiments that were performed, where two basal rates
and another pump were introduced.

4.1 MCT Image processing

In the previous chapters, we described what led us to choose micro-computed tomography (LCT)
to image the explants and the contrast agent (CA) and insulin analog infused depot.

A key-endpoint was also identified: the surface-to-volume ratio (STVR) of the insulin depot inside
the explant. Therefore, it is critical to be able to identify the location of the insulin depot inside the
explant on the uCT images. This step, which consists in differentiating the part of interest in an
image from the rest of its content, is called segmentation.

In this section, we will shortly summarise the structure of the data. We will then detail how simple
thresholding could not possibly suffice to achieve the computation of STVR. A first segmentation
attempt was performed using a region-growing algorithm: we will explain why we chose not to
pursue with that method. Then, we will introduce the method on which we settled and develop its
main advantages.

We wish to stress the fact that all the processing introduced hereafter had to be very reproducible
as it had to be applied identically and automatically upon all explants. Overall, 12 explants were
used in developing the method and the image processing. 24 explants were studied as the whole

experimental process was set.
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a. Brief description of the raw image data

MCT raw data consists of a series of radiological projections. This series then requires tomographic
reconstruction to obtain a stack of 2-dimensional cross-sections forming a single 3-dimensional
image.

These radiological projections are taken at a fixed rotating angle from the object.

In our setting, 328 radiological images are acquired every 5 minutes (Figure 25), with a tilt rotation
angle of 0.6° between two consecutive images. These parameters were chosen specifically to reach
a whole-explant acquisition time of 5 minutes.
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Figure 25: Ten images extracted from a series of radiological projections for one explant

From that series, tomographic reconstruction is performed using the Nrecon software, provided by
Brucker (™). The output of reconstruction consists of a 1000-images stack (Figure 26). These 2D
cross sections are slices of the 3D image of the explant (Figure 27).

This reconstruction step embeds strong Gaussian smoothing of the images, allowing to drastically
limit the noise in them.

Figure 26: 10 images extracted from the reconstruction stack
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Figure 27: one single 3D-image, displayed from full opacity (left) to increasing levels of
transparency for the lightest grey-level, so as to reveal the interlobular structure and the cannula
inserted into the tissue.

328
radiological
projections

Tomographic
reconstruction

A

1000 2D-slices

one 3D-image

Per explant (6 explant
per human donor)

Figure 28: Graphical summary of raw image data structure

From this point on, no more reference will be made to radiological projections and when images
are mentioned, the 2D cross-sections are designated (Figure 26), unless specified explicitly.

Visual summary of data structure can be found in Figure 28.

b. Requirements for this segmentation: why is more than thresholding required?

We previously argued that critical morphological endpoints to studying insulin subcutaneous depot
were the volume and the surface area of that depot, from which STVR is computed.
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Considering that insulin is associated with CA, the depot is radiopaque, therefore appearing lighter
on the images. Each image is a 2-dimensional matrix of pixels containing integer values ranging
from O (black) to 2= (white).

The histogram below (Figure 29A) shows the repartition of grayscale values for a standard image
of an explant after 3h of infusion. Thresholded images are shown Figure 29B-F. It allows one to
see that dermis, subcutaneous insulin depot and cannula are visible on Figure 29D but only parts
of the cannula, and no insulin depot, are left visible on Figure 29F. One can deduct from those that
the insulin depot grayscale values are between 2.2x10¢ and 4x10-.

A first basic approach would then be to determine one threshold value within that range, above
which a pixel is considered to belong to the insulin depot, and below which it does not. The binary
object resulting from that operation would then be the insulin depot, from which any
morphological characteristic could be computed.

7

<10

Figure 29: Histogram of a 3D image and illustrating cross-sections
A. Histogram of a 3D image (all 2D cross-sections included) for an explant after 3h of infusion.
B. A 2D cross-section of that 3D image
C. 2D cross-section with all values below 1x10: removed (threshold 1x10¢)

D. 2D cross-section with all values below 2.2x10: removed (threshold 2.2x10)

E. 2D cross-section with all values below 3.1x10: removed (threshold 3.1x10-)

F. 2D cross-section with all values below 4x10: removed (threshold 4x10-)
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However, due to noise, but also the fact that reality contains only a continuum of grayscale values
rather than strict differences in opacity levels, one would not then obtain a single object that can
be identified as the insulin depot, but a multitude of small binary objects. These numerous binary
objects can still be located within the insulin depot region, but yet be disconnected from one
another. This is illustrated in Table 5: Number of connected components in the binary images of
one explant according to the threshold value (18-connectivity), where 10 3D-binary images were
generated by thresholding within the previously identified range. The number of connected
components inside the binary 3D images is presented according to the threshold value.

Threshold value (x10¢) 22 (24 |26 2.8 30 (32 (34|36(38(4.0
Number of connected 6108 | 3133 | 10155 | 14534 | 3451 | 360 (88 | 73 (86 | 84
components in the binary

image

Table 5: Number of connected components in the binary images of one explant according to the
threshold value (18-connectivity)

This poses a major issue as to the computation of surface area of the depot, which artificially
increases if the depot is composed of many small binary objects rather than one connected
binary region.

This is why it is essential that the segmentation achieves to isolate a connected region rather
than multiple binary objects. One could argue that heavy smoothing applied to the images may
reduce the probability for a large number of binary objects. However we have not achieved to
reach both a smoothing that did not cause excessive information loss, and a satisfactory single-
object binarization by thresholding.

c. Of the interest in region-growing algorithm and the limits we met

This criteria for a connected region detection must have been identified also by previous authors
studying insulin depots. Indeed, although it is not reported as an issue, Mader et. al *® explain they
have used a region growing algorithm to isolate the insulin depot : from a spot of high intensity,
neighbour voxels are aggregated to the region of interest on a decreasing level of intensity criteria.
The aggregation process stops when the region of interest reaches the volume known to have been
injected.

By construction, this operation guarantees that a single connected object has been segmented.

We did try to perform this strategy in our setting, using a region-growing algorithm available on

the Matlab sharing platform 1%,
We met two difficulties in the implementation.
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The first challenge was met as the algorithm we used did not converge in most of the computations.
This was solved by applying a stronger Gaussian filter at the reconstruction step, which reduced
the likelihood of growing a region from an exceptionally dark pixel, unrepresentative of its
surrounding region.

The second challenge had another cause. In many infusion situations, the tip of the cannula reached
a region that was near the dermis (Figure 30: Infused explant with tip of the cannula close to the
dermis. Result of the region-growing segmentation numerically identified in green on the second
image.), which is denser, and therefore appears whiter than the hypodermis. Such regions are then
partially aggregated with no true knowledge of whether CA has infused that dermal region or if
part of the dermal region is segmented only due to its lighter shade and proximity to the actually
infused region.

Figure 30: Infused explant with tip of the cannula close to the dermis. Result of the region-
growing segmentation numerically identified in green on the second image.

d. Taking advantage of the model: initial image before infusion and subtraction

Imaging throughout the infusion is a specificity of our model. It is a challenge, as keeping
acquisition time below 5 minutes comes at the price of reducing image resolution. However, it has
one benefit: it is easy to have an image of the explant before infusion has started. Moreover, the
explant is submitted to no movement or change in setting position from the beginning to the end
of the experiment.

From this acknowledgment came the idea of fully imaging the explant before the infusion and
subtracting the insulin-free explant from all the images acquired during the infusion.

This allows to eliminate all the structures that are repeated patterns onto all images: the dermis,
the hypodermis, and even the catheter structure which is on the top of the explant, as visible in
Figure 31.
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If at some point the infused content also reaches the dermis in an experiment, the dermis infused
with CA will still be more opaque than the dermis before infusion and the result of the subtraction

will show that insulin and CA did reach that area.

After this step, all further processing can be performed on the result of the subtraction (Figure
31C)

A (t=0) B (t=3h) @

Cross-section a

Cross-section b

Cross-section ¢

Cross-section d

Figure 31: Four cross sections from several explants (cross sections a, b, ¢, d). Column A: cross
sections at t=0. Column B: cross sections at t=3h. Column C: Result of subtraction between B
and A.

Side note:
Due to the need to keep acquisition time below 5 minutes, only 180° rotations were performed to

acquire each image. Therefore, the X-ray source and receptor would first turn clockwise during
the first acquisition, then counter-clockwise for the second, and so on (Figure 32).
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Figure 32: Rotation of X-ray source and receptor according to acquisition timing

The consequence of this is a slight angle tilt between odd and even images.
Therefore, during this subtraction step, image 1 is subtracted from odd images, and image 2 from

even images.
It is the reason why two images are acquired before starting pump delivery rather than just one

(see acquisition plan, Figure 33)

Start
pump Pump basal delivery
y
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Unpair image
5-minutes acquisition :
Pair image

Figure 33: Acquisition timing display

e. Processing the images resulting from subtraction

i. Removing cannula content
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Frequent air bubbles were observed inside the cannula inserted into the tissue (Figure 34). As a
result, in those images, the cannula did not appear uniformly white (being filled with insulin and
CA) but with black patches.

These variations inside the cannula generate artefacts on the result of subtractions. Also, cannula
content is of no interest to the morphological study of the insulin depot, therefore cannulas were
systematically removed before subtraction, based on a manual selection of the cannula cylinder
coordinates on the first image.

Cannula content according to time was however studied by itself, as will be described later.

Figure 34: Example of air bubble located inside the cannula during the infusion. A. Before
infusion. B. During ongoing air bubble infusion

ii. Linear transformation

As an illustration, a few images from various explants are provided in Figure 31 where an initial
cross-section, the corresponding section during the infusion and the result of the subtraction are
presented side by side.

The intensity of the signal is reduced due to subtraction. Therefore, a linear transformation was
applied to the result of the subtraction. A histogram of the subtraction result for one explant is
shown in Figure 35 A. As the maximum values that were observed upon all histograms after 3h of
infusion were around 14600, we took a margin and chose 15000 to become the highest pixel value.
Therefore, a systematic linear transformation of factor (10%6-1)/15000 was applied for all explants
at this step. Figure 35 B presents the same histogram as Figure 35 A after linear transformation.
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Figure 35: Histogram of explant 3D image after subtraction of initial image (A), and after both
subtraction of initial image and linear transformation (B).

4

Note to the reader: for visibility purposes on this document, it is the results of subtraction once
linear transformation was applied that were presented in previously introduced Figure 31 C.

iii. Thresholding

At this point, images are still not binary, as required to compute a volume and a surface area.
A thresholding step is therefore still necessary.

There are slight variations in grayscale values from one explant to the other, although data is rather
homogenous. It was necessary to find a threshold criteria applicable for all explants that would
make the results comparable from one explant to the other, but would still be adapted to the
particularities of each.

At this stage, after subtraction and linear transformation, most of the signal actually visible on the
images is the depot. The rest of the signal is a relatively important noise (see Figure 36).
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Figure 36: Image after subtraction and linear transformation, to be binarized

We chose a statistical criteria: the threshold would be a certain quantile of the whole grayscale
values inside the 3D image of the explant once all the insulin was infused in it.

Which quantile is relevant is an arbitrary choice. But as this thresholding is performed after the
subtraction step, we know that the signal is indeed mostly insulin and CA. Therefore, we may
perform a sub-selection but not over-select the region of interest. Moreover, by using the same
criteria upon all explants, we enable comparison.

After visual observation of the subtraction image and of the corresponding thresholded images for
various values of quantile (q), illustrated in Figure 37, our arbitrary choice was q = 0.995.
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Figure 37: A. Example of subtracted and linear transformed image. B. Histogram for subtracted
and linear transformed image. C. Binarised image for g = 0.7. D. Binarised image for q = 0.8. E.
Binarised image for q = 0.9. F. Binarised image for q = 0.95. G. Binarised image for g = 0.975.
H. Binarised image for g = 0.99. I. Binarised image for g = 0.995. J. Binarised image for q =
0.999.

iv. Labelling

After binarization, due to noise, small objects around the subcutaneous depot may have been
selected.

We therefore perform a 3D labelling of the image, which is a step consisting in isolating all
objects in the binary image that are disconnected from one another.

Then, we only keep the binary object located at the tip of the cannula (Figure 38)

This allows to have a single-connected component on which surface area computation can be
safely performed.
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Figure 38: Labelling step illustration. A: original 2D slice. B: After binarization, and labelling,
selection of the only labelled region connected to the cannula on that same slice (canula was
removed in an earlier step).

These digital image processing steps could only be briefly described in the article which will
now be introduced.
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4.2  Submitted article (Nature Scientific Reports): New ex vivo method to objectively assess

insulin spatial subcutaneous dispersion through time during pump basal-rate based
administration

Reference numbering in the article is independent from the rest of this document. References for
the article can be found immediately after the main text of the article.
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ABSTRACT

Context:

Glycemic variability remains frequent in patients with type 1 diabetes treated with insulin pumps.
Heterogeneous spreads of insulin infused by pump in the subcutaneous (SC) tissue are suspected
but were barely studied. We propose a new real-time ex-vivo method built by combining high-
precision imaging with simultaneous pressure measurements, to obtain a real-time follow-up of
insulin subcutaneous propagation.

Method:

Human skin explants from post-bariatric surgery are imaged in a micro-computed tomography
scanner, with optimised parameters to reach one 3D image every 5 minutes during 3h of 1Ul/h
infusion. Pressure inside the tubing is recorded. A new index of dispersion (loD) is introduced
and computed upon the segmented 3D insulin depot per time-step.

Results:

Infusions were hypodermal in 58.3% among 24 assays, others being intradermal or extradermal.
Several minor bubbles and one occlusion were observed.

loD increases with time for all injections. Inter-assay variability is the smallest for hypodermal
infusions. Pressure elevations were observed, synchronised with air bubbles arrivals in the tissue.

Conclusion:

A new follow-up method of insulin dispersion evaluation was elaborated. Results encourage the
use of this method to compare infusion parameters such as pump model, basal rate, catheter
characteristics, infusion site characteristics or patient phenotype.
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INTRODUCTION

Patients living with type 1 diabetes are exposed to multiple glycemic disorders, in particular
hyperglycemia, hypoglycemia and high glycemic variability (GV) 2. Current innovations focus
on increasing time in the target glycemic range, reducing GV, and reducing the number of
hypoglycemic events 3. Among them, insulin pumps or continuous subcutaneous insulin infusion
(CSH) are electro-mechanical devices that ensure continuous subcutaneous (SC) delivery of rapid
insulin analogs . For most patients, CSII largely contribute to reducing GV °. CSlI are also a
major component of closed-loop systems, also sometimes called “artificial pancreas”. These
systems, which are nowadays reaching an increasing number of patients and will probably become
the reference treatment for patients with type 1 diabetes ©, rely on a glucose sensor providing
continuous glucose monitoring and a control algorithm to adapt CSII delivery through time
according to the patient’s specific needs during the day °.

However in many patients, a high GV remains frequent despite CSII use, without being
satisfactorily explained by sporadic copathologies, patient behaviours such as irregular food
intakes, irregular physical activities or poor CSII management.

A heterogeneous diffusion of CSII delivered insulin is an often suspected cause for GV although
it was not extensively studied. Some studies provide compelling points in favour of the
hypothesis that SC insulin absorption variations impact GV. For instance, Luijf et al. observed
higher postprandial glycemic excursions immediately after CSII catheter was changed, and thus
a new injection site was being used, compared to after 3 days of use 7. This observation suggests
that SC insulin absorption could vary according to catheter age. Famulla et al. demonstrated
impaired insulin absorption and higher intra-patient variability for injections in lipodystrophic
areas using both a euglycemic clamp study and mixed-meal tolerance tests 8. Heinemann and
Krinelke even describe infusion sets as the “Achilles heel” of CSII delivery 9 ‘which is
conditioned by a reproducible absorption of insulin in the SC tissue °. This leads to the
hypothesis that inhomogeneous spread of insulin could occur, and highlights the need to increase
knowledge of the way insulin spreads into the tissue for basal rate CSll infusion, and in
particular in the few hours following a change in catheter ’.

Furthermore, beyond catheter age and lipodystrophies 81%%, other factors could alter basal
insulin delivery as air bubbles 2, variations in vasculature, or pressure applied to injection site
leading to SC insulin underdelivery.

However, although this is the delivery mode in which patients spend the major part of their time,
there is currently a lack of method to perform such in depth study of subcutaneous diffusion in
basal insulin delivery. Indeed, literature provides multiple examples of bolus delivery studies,
either in vivo on swine using imaging *3-%°, in vivo in humans using pressure measurement 1617,
or ex vivo using imaging 82°. All of these develop indispensable tools and indicators evaluating
bolus delivery, and have paved the way to studying basal delivery.
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The absence of a method to achieve such analysis of basal rate infused insulin can be explained
by the extremely low flow rates and volumes associated with those delivery rates. Indeed, despite
insulin pumps being called “continuous infusion” systems, they are built to inject by multiple
impulses (or strokes) 222, For instance, a 1 unit of insulin per hour (Ul/h) rate will be delivered
by a Tandem t:slim® pump through 8.3 pL impulses of insulin delivered every 5 minutes.
Volumes of the same order of magnitude would be injected by other manufacturers' insulin
pumps. Images of such small infused volumes are challenging to achieve and to our knowledge,
not reachable in vivo.

Quantitative description is necessary to enable comparison between CSII infusion parameters in
the context of basal delivery. Incidentally, Mader et al.?® described in 2013 that an increased
surface-to-volume ratio (STVR) of the subcutaneous depot increases insulin absorption as it then
involves more capillaries, by using a strategy of dispersed bolus injections. Therefore, the
imaging method was chosen to enable such computation for small volume injections such as
those delivered at each impulsion of a standard rate of basal delivery. The following method is
built on the relevance of a high STVR of the insulin depot for optimal insulin bioavailability.

To fill this gap of method to describe insulin propagation in the tissue for the specific context of
basal rate delivery, we propose a descriptive, human sample based, ex vivo method linking basal
rate insulin delivery and SC spread of insulin using both continuous measurement of catheter
pressure, and repeated high-precision 3D imaging using micro-computed tomography (UCT)
scans. We obtained new dynamic indicators to describe insulin propagation in the specific case
of CSII basal delivery.

RESULTS

Explants infusion sites description

Twenty-four abdominal skin explants were collected from four different human subjects who
underwent post-bariatric surgery. They were dimensioned into 3 cm diameter cylinders with a 2
cm thickness so that all three layers of skin tissue (epidermis, dermis, and hypodermis) were
present, and infusion catheters were inserted in them. An insulin pump filled with insulin and
contrast agent was connected to two microfluidic pressure sensors, and then to the catheter
Montage is presented in figure 1.
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Figure 39: Experimental setting. 1: Micro-CT scanner, 2: Scanning chamber, 3: External
devices chamber, 4: CSII catheter, 5: Microfluidic pressure sensors, 6: Lead protection, 7: Data
collection wiring, 8: Computer, 9: Insulin pump

Pump was started 10min after initiating the acquisition cascade, so that images before infusion
were also available for analysis. For this pilot, a fixed basal rate of 1Ul/h during 3h was set. One
3D image was acquired every 5 min during 3h of infusion.

Although CSII catheters target the hypodermis, we observed that hypodermis was reached by the
cannula in 58.3% (14/24) of the injections, as depicted in figure 2 A (both in 2D and 3D) where
the insulin identified by the segmentation algorithm is numerically coloured in green. The tip of
the cannula ended at the limit between dermis and hypodermis in 12.5% (3/24), whereas 20.8%
(5/24) of injections were intradermal as in figure 2 B. For one injection, the cannula did not fully
pierce the dermis and the injection was hence extra-dermal (figure 2 C). For one injection, images
were unexploitable due to an acquisition defect.

During all 5 intradermal injections, insulin spread into the dermis, but in 3/5, it also partly spread
in the hypodermis. In the 3 injections where the cannula was at the limit between dermis and
hypodermis, in two of them insulin was ultimately found only in hypodermis, whereas in one, it
spread both in dermis and hypodermis.
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Figure 40: 2D and 3D images of infused explants, with infused insulin and contrast agent
numerically identified in green. a: hypodermal infusion, b: intradermal infusion, c: extradermal
infusion.

Privileged propagation in interlobular septum in hypodermal injections

Upon all images, the interlobular septum, which divides the subcutaneous tissue into lobules, is
clearly visible, as its main component is collagen fibers which are denser than the fat tissue itself.
Figure 3 shows extracted slices at various depths in one single explant. The first column is
composed of slices extracted from the initial acquisition, when no insulin had yet been delivered.
The interlobular walls are visible there.
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Figure 41: 2D slices of one infused explant. Column 1: slices of the explant before infusion was
launched. Column 2: corresponding slices after 3h of insulin infusion. Column 3: corresponding

slices after 3h of infusion, where the insulin and contrast agent mixture detected by the algorithm
was numerically identified in green.

On the corresponding slices after 3h of injection, in the second column, one can see that the white
spread of insulin is located along the interlobular walls that had previously been identified. The
third column shows which areas of the images were selected by the segmentation algorithm to be
insulin and contrast agent (numerically coloured in green).

In the other hypodermal injections, similar visual comparison leads to the same observation:
insulin appears to have spread along the interlobular septum.
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Some events leading to under-deliveries

Secondly, some under-deliveries were observed: in 18/24 of injections, some minor bubbles were
observed at some point in the cannula, leading to the presence of air bubbles imprisoned in the
tissue. In one injection, no insulin flow occurred in the cannula during the first hour, as shown by
the identical state of the cannula in all of the 13 first 5-minutes acquisitions. Figure 4 displays the
content of the cannula for each 5 minutes time slot throughout this particular 3h-test, and in
parallel, tubing pressure recorded during that test. A 70 minutes step-wise pressure elevation
reaching 557 mBar was associated with this occlusion. This occlusion did not trigger any pump
alarm and also happened to occur during the one extra-dermal injection

00 05 10 15 20 25
time(h)

Figure 42: Cannula content during 3h of infusion, during a test where an occlusion occurred.

Introducing a new metric for insulin dispersion: the index of dispersion (loD)

At each time step, the external surface (Smeasured(t)) and volume (Vmeasured(t) Of the insulin depot
are computed, allowing to generate the surface-to-volume ratio at each time step.

In order for this ratio to be interpretable, the most minimal surface-to-volume ratio mathematically
possible for the given volume of injected insulin is also computed: namely, a spherical volume.
To this purpose, the radius Reompact(t) of the sphere that would be of the same volume as Vmeasured(t)
is first computed as shown in equation (1), leading to the computation of the surface of that
theoretical sphere Scompact(t) in equation (2).

This corresponds to the theoretical most compact situation where the insulin depot would have a
perfect spherical shape, therefore having a minimal amount of capillaries involved in ensuring
absorption into the vascular system. It is the less favourable scenario for insulin absorption.

1)

Rcompact — 3 Vmeasured (t) ) %
41

)

Scompact 47T Rcompact(t)z

2
Scompact = (4'7T) 3 (3 Vineasured (t) ) 3
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We introduce an index of dispersion loD(t) which is the surface-to-volume measured ratio divided
by the corresponding spherical surface-to-volume ratio, as visible in equation (3). It translates how
high the surface of contact between the tissue and the insulin depot is, compared to the most
compact situation. This index is expressed without unit.

(3)
IoD Surface_to_volume_ratiomeqsyrea
oD = .
Surface_to_volume_ratiocompact
IoD(t) _ Surfacemeasured(t) Volumecompact(t)

Vo lumemeasured (t) Surfacecompact (t)
Surfacemeasured (t) _ Surfacemeasured (t)

= 1 2
Surfacecompact(t) (47‘[)5 (3Vmea5ured(t))§

IoD(t) =

Index of dispersion (loD) evolution of the SC insulin through time

Upon all injections, the oD increases with time, as depicted in figure 5A to 5D. Throughout all
test duration, median loDs tend to be comparable from one explant to another and from one patient
to another (see figure 5 F). A mean final value of 6.64 is reached after 3h of infusion, when the
maximum depot size is reached in our setting. A closer snapshot at loD values at 3h also shows
comparable values, when looking at their distribution classified according to the tissue structure
reached by the cannula (figure 6). In addition, there seems to be no major difference in index of
dispersion values when one compares intradermal injections versus hypodermal injections. On the
other side, the only heterogeneous value of IoD is of 2.62 at 3h (figure 5 E and figure 6 “skin
surface”) and corresponds to the only extra-dermal injection, where insulin accumulated at the
skin surface, inside a crater formed around the cannula (figure 2 C, both in 2D and 3D).
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Figure 43: Index of dispersion (IoD) evolution through time, with standard deviation. a: All
infusions (N=21), b: Infusions reaching hypodermis (N=13), c: Infusions reaching
dermis/hypodermis limit (N=3), d: Infusions reaching dermis (N=4), e: Extradermal infusion
(N=1), f: All infusions , aggregated by donor (N=21).

The mean value of standard deviations of loD computed upon all 5 min intervals was 0.66 when
considering all skin-reaching injections. However it was lower (0.55) when only selecting those
reaching the hypodermis, than for those reaching the dermis/hypodermis limit (0.62), and the
dermal ones (0.83).

When considering explants separately according to the donor as displayed in figure 5 F, standard
deviation values across all tissue structures infused, upon all 5 min intervals, are quite similar to

the global standard deviation are respectively 0.68, 0.35, 0.77 and 0.58 for donors 1 to 4.

loD values were left uncomputed for two explants due to unsolvable 3D tomographic
reconstruction issues.
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Figure 44: Boxplot of 10D values after 3h of infusion. Classified according to the tissue structure
reached by the cannula.

Simultaneous pressure and image observation in case of bubbles in the cannula

As pressure inside the catheter was continuously recorded through the tests, each insulin impulsion
was easily identifiable on pressure records (figure 7).

Temporary pressure elevations between impulsions were observed, either at the beginning of the
test, or at some point during the infusion. In order to understand the potential cause for these
elevations, pressure graphs are juxtaposed to the 2D images of the content of the cannula at the
given time-step (figure 7). We observe that pressure elevations appear to match with the presence
of an air bubble inside the cannula the 5 minutes before the elevation, suggesting that the pressure
step matches with the arrival of the air bubble inside the subcutaneous tissue.
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Figure 45: Pressure record and corresponding cannula content for one injection.
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DISCUSSION

This study describes a new method which extends previously existing imaging methods, in order
to evaluate the insulin spread in the SC tissue continuously during basal CSII administration. It
combines imaging with continuous pressure measurement using two different high precision tools:
a MCT scanner whose image acquisition was optimised to acquire one 3D image every 5 minutes,
and continuous pressure sensors. Each 3D image analysis and continuous pressure records were
set with the intention to evaluate SC insulin absorption characteristics, and link morphological
events with easily pressure-detectable events.

We introduced an objective new indicator to quantify insulin spread, namely the index of
dispersion (loD). It is related to the surface-to-volume ratio (STVR), therefore it increases with
STVR, which was shown to be associated with an increased speed of insulin absorption .
Unlike STVR, oD has the advantage of requiring no comparison with another situation to be
interpretable. Indeed, it is built in comparison with the hypothetical case where the insulin depot
had a spherical shape, the least favourable situation to diffusion. For instance, an oD of 7 means
that a depot has a surface 7 times higher than the least favourable shape for diffusion. Therefore,
one could suppose that the depot has 7 times more probable contacts with capillaries in the SC
tissue than it would in the worst-case scenario.

This work is a proof-of-concept aiming to demonstrate feasibility of this method. Therefore, the
results demonstrate that loD, under fixed injection parameters (same pump, same basal rate) and
in normal hypodermal infusion, is very reproducible, with a low inter-assay variability (figure 5).

Moreover, some interesting results can be highlighted.

The first one is the observation of a higher variability of loD during ectopic infusion cases,
especially when other anatomical structures than hypodermis are infused such as the dermis or the
dermis-hypodermis junction. This happens in our model in about 40% of cases. However the
number of injections for which the hypodermis was not reached is higher than the proportions
found in-vivo by ultrasound detection of the cannula position 1?4, This is probably due to our ex-
vivo insertion method. Indeed, samples are placed inside small Petri dishes of the exact same
dimensions as the explants, providing mechanical support to the samples when the inserter hits
the skin surface. The use of an inserter does contribute to a more reproducible insertion of the
cannula. But the lack of tension at the surface of the epidermis promotes the possible bending of
the epidermis surface, thus limiting the depth reached by the cannula tip. Therefore, our
experimental model probably participates in explaining this high percentage. Nonetheless, such
ectopic cannula positions are at times observed in patients treated with CSII 2*. We hypothesise
that it is indeed possible that such events, where non targeted tissue structures are infused, do play
a role in some of the glycemic variability observed in patients in daily practice.

Description of such ectopic infusion is then precious data. In particular, despite higher variability
in loD values when the dermis is infused, it is interesting to notice that the mean loD is not much
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different in the dermis than in the hypodermis. It was otherwise shown that kinetics of insulin
action are different in the dermis and in the hypodermis 2>%, It is therefore likely that this
difference is not caused by a different morphology of the insulin depots infused in the dermis
versus in the hypodermis, but rather by a different microvascularization of these two skin
structures.

A second interesting observation could be mentioned. As a first method to combine pressure data
with imaging data, this study also allows to notice the simultaneity of temporary pressure
elevations and air bubbles arrival in the tissue, a quite common situation in real life conditions ?
leading to under-delivery. This encourages the development of an air bubble detection system
based on finer pressure sensors than those already embarked in pumps.

The low value of variability of the loD throughout experiments and patients in our fixed setting
conditions (same pump, same flowrate, same catheter material, length and insertion angle), in
hypodermal injection conditions, makes it a reproducible indicator to compare various injection
conditions, such as basal rate, CSIl model, cannula characteristics, injection site, lipodystrophic
tissue, or patient phenotype, in order to better understand SC insulin infusion characteristics.

Our method does present some limitations. Ex-vivo samples do not benefit from any active
microvascularization which would contribute to the active transport of insulin from the SC tissue
to the bloodstream 7. Also, the spread of insulin is likely to be improved in the case of perfused
tissue compared to ex-vivo tissue due to this active transport. However, a larger insulin spread in
the absence of micro-vascularization is likely to imply a larger spread with active micro-
vascularization. In that context, loD measurements in ex-vivo SC insulin administration can still
relevantly be used to compare various injection parameters.

The fact that insulin propagates preferably along the interlobular septum is in accordance with the
literature 222°, Another limitation must however be acknowledged : our samples come from
patients who underwent post-bariatric surgery, and therefore have suffered important weight
variations. A known consequence of such weight variations is an irreversible fibrotic adipose
tissue 333, Therefore, the interlobular septum of our samples is likely to be thicker and with denser
collagen fibres than adipose tissue from patients with type 1 diabetes. Yet such large skin samples
from non-obese patients are not easily available for research purposes, for evident ethical reasons.
Also, the samples come from female patients only, for during the whole scope of this project, no
male tissue was made available to us. This is consistent with the major gender disparity among
patients who undergo post-bariatric surgery .

Finally, this work stands as a proof of concept of this evaluation method, so that it can be made
available and further used to test the impact of various parameters. In order to do so, it was
essential that this study was conducted under fixed conditions of pump, catheter model and basal
rate of delivery to assess its reproducibility.
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This work, which provides tools to identify the sources of variability in insulin SC absorption
caused by heterogeneous diffusion or erratic events, is of importance not only in the context of
use of CSlI alone, but also as closed-loop systems emerge.

METHODS

Human skin explants

This ex-vivo study was performed on 24 abdominal skin explants which were collected from
surgical residue of post-bariatric surgery for 4 different human subjects (patient data available in
supplemental data S1) in full respect with the Declaration of Helsinki and the article L.1243-4 of
the French Public Health Code. BIO-EC Laboratories (Longjumeau, France) possesses an
authorization from the Bioethics group of the general director services of the French research and
innovation ministry (registered under nDC2008542) to use human skin from surgical waste since
5th May 2010. Explants were dimensioned into 3 cm diameter cylinders with a 2 cm thickness by
BIO-EC Laboratories. All 3 layers of skin tissue (epidermis, dermis, hypodermis) were present.
From then on, samples were maintained at 37°C in an incubator (5% of CO2, 95% of humidity)
with a survival medium (BEMc solution, BIO-EC Laboratories, Longjumeau) renewed every two
days until samples were used for experiment.

Experimental setting description

A Tandem t:slimx2™ insulin pump was connected to two Elveflow™ microfluidic pressure
sensors (MPS) manufactured by Elvesys® with ranges of measurement of [-70 mbar ; +70 mbar]
and [-340 mbar ; +340 mbar], to ensure the most accurate measurement of a broad scale of
pressures. Connections were made using tubing from Autosoft 90 catheters. The second MPS was
connected to an Autosoft 90 Catheter with a 6 mm Teflon cannula. Montage is presented in figure
1.

A 15% mass of lopamiro 200 mg/mL was mixed with insulin Aspart Novorapid U100 and loaded
into a t:slim ™ cartridge. Measurements to quantify the impact of contrast agent on insulin Aspart
viscosity are available in supplemental data S2.

Tubing and catheters were purged with insulin and contrast agent before insertion of the catheter
into the tissue sample.

Radioprotection of the devices

The pump was placed outside of a uCT scanner. The pressure sensors were inside the extended
chamber of the uCT, in an area unreachable to X-ray. For full confidence in sensor integrity and
measurement, both sensors were surrounded by 3 mm of lead.

Data acquisition and uCT parameters

MCT acquisitions were obtained using a Skyscan 1176 from Brucker® and parameters were
optimised to ensure proper imaging of the sample and the insulin depot with a 17 um resolution
while maintaining acquisition time for each 3D image below 5 min. This delay of 5 min was
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chosen as it constitutes the delay between two impulsions for a Tandem t:slim x2 22 and is also to
our knowledge the minimum delay between two impulses upon pumps currently on the market.
The X-Ray source was set at (55kV, 455mA) for optimal contrast. A 2mm Aluminium filter was
used in order to limit the beam hardening effect. The rotation step was set at 0.6° and exposure
time at 0,240 s.

180° acquisitions were conducted. Upon 3h of acquisition, one 3D-image per 5 min interval was
collected, leading to an overall collection of 36 3D-images. The first image, the third image, and
all “uneven” (respectively “even”) 3D images were obtained by clockwise rotation (respectively
counterclockwise) of the X-ray source and receptor.

Image processing
3D tomographic reconstruction was achieved using the NRecon® software (Brucker™). Each
slice of the 3D-images were loaded into Matlab® (Mathworks™).

The two first 3D-images were acquired while the pump had not started to deliver, so they could
be used as reference of a free-from-insulin tissue. The first image was used as reference for all
uneven acquired images, and the second for all even images. Indeed, due to the change in rotation
direction between even and uneven images, there was a slight angle tilt between even and uneven
images.

On these two first 3D-images, the cylindrical volume corresponding to the inserted cannula in the
tissue was manually identified. This corresponding volume was then automatically removed on
all following images acquired during the injection.

For each processed 3D-image, the 2D-slices were loaded into the Matlab ® environment. The
corresponding slices in the free-from-insulin image were subtracted, in order for most of the
remaining signal to be the injected insulin and contrast agent mixture.

Then, in order to extract insulin depot properties, a linear transformation was performed and a
binary image was obtained by using the 0.95 quantile of pixel values as a threshold, allowing to
remove noise due to the previous subtraction. Finally, a unique insulin depot object was selected
among this binary stack of images by connected-components labeling : only the connected
component to include the tip of the cannula (by 18-connectivity) was kept.

The binary objects obtained during this segmentation step were used to compute the external
surface and volume of the insulin depot.

CONCLUSION

A new evaluation method of SC insulin absorption has been elaborated. To this end, a novel
objective indicator for insulin spread was proposed, the index of dispersion, loD. It is therefore
now possible to compare various infusion parameters such as basal rate, CSIl model, cannula
length, material, infusion site, lipodystrophy, on insulin spread in the SC tissue.
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4.3  Coming back to the retention hypothesis

The preliminary experiments (including on human explants) in Chapter 3 lead us to the hypothesis
of a frequent insulin retention phenomena at the initiation of infusion sites, associated with
temporary pressure build-ups in the tubing.

In those previous experiments, the rate of appearance of these build-ups was a little above 50% for
human explants. However in the experiments conducted in the scope of the article, only one
pressure build-up upon 24 infusions was observed, which was associated with an extradermal
deposit of insulin.

The imaging technology is not invasive and the only notable difference between those

experiments was in the procedure to insert the cannula in the explant. Up until the uCT

imaging, catheter and cannula insertions were performed by pinching the superior skin layers

with tweezers with one hand, and inserting the cannula with the insertion needle within it, into the

skin (Figure 46 A and B), with the other hand. Then, the insertion needle was removed and the

skin superior layers unpinched.
v

Ao - AR

Figure 46: Insertions of catheter illustrations. A. Manual insertion of Medtronic Quick-set (™)
catheter, with no inserter. B. Manual insertion of Tandem Autosoft 90 (™) catheter, without
using the inserter function.

For the uCT imaging, skin explants were placed into small petri dishes of diameter 2.8cm. The
mechanical support provided by those allowed to use the inserters provided by the manufacturers.
For the tests of the article, the insertion system of the Tandem Autosoft 90 (™) was used (Figure
47 A), allowing an insertion of the cannula by conferring a high impact speed of the insertion
needle onto the skin.

For the tests with the Medtronic 780G pump, presented in the next paragraph, insertions relied on
the Minimed (™) Mio (™) Advance technology (Figure 47 B), which also confers an elevated
impact speed of the insertion needle.
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Figure 47: Tandem and Medtronic inserters. A: Tandem Autosoft 90 inserter as it is initially. B:
Tandem Autosoft 90 as it is when prepared for insertion. Source: official Tandem video for
inserter use. C: Display of Medtronic inserter after insertion. Source: official Medtronic video for
inserter use.

Then, an improper insertion of the catheter when insertion is performed in the initial way could
have led to these build-ups, either because this manual insertion process triggered an
obstruction of the cannula, or because this insertion process is more likely lead to extradermal
infusions like the one of the article, where the cannula did not fully pierce the epidermis.

The hypothesis of a different behaviour when the tip of the cannula is inserted inside a lobule or
in between lobules remains partially relevant, even in the absence of pressure build-ups. The
results of the article describe indeed a favoured propagation of the insulin in the interlobular
septum, which could cause a facilitated dispersion of the insulin when the tip of the cannula
is already within the path of least resistance.

4.4  Testing infusions with alternative basal rate and pump

The article presented above introduces a method for comparison of insulin propagation in pump
basal delivery. It was used under fixed conditions: one pump (a Tandem (™) t:slim x2), at one
flowrate (1UI/h) with one catheter model (Autosoft 90 inserter, Tandem (™)). The intent was to
describe the method as a proof of concept to then gather data about the impact of various infusion
parameters upon the insulin propagation in the tissue. This part introduces a few tests where other
infusion parameters were explored.

Little data was collected on alternative BR and pumps within the scope of this work. Therefore, it
does not allow to draw conclusions but only to state a few first observations. These experiments
constitute a first step towards applying this method to study BR and pump impact of insulin
subcutaneous propagation.

Due to uCT scanner defect, within the scope of this project, few tests could be performed and only

the following test results are available:
e 3 explants at 0.5UI/h using a Tandem (™) t:slim x2 pump (*)
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e 2 explants at 1Ul/h using a Medtronic (™) 780G pump (**) with a 6mm Mio Advance
90 catheter (non-angled, 6mm long, Teflon catheter)

e 2 explants at 0.5UI/h using a Medtronic (™) 780G pump with a 6mm Mio Advance 90
catheter (non-angled, 6mm long, Teflon catheter)

(*) same pump as the one used in the article above
(**) same BR as the one used in the article above

Also, for the Medtronic tests, two more tests were launched, one at 1Ul/h and one at 0.5Ul/h.
However due to a leak at the connection between the tubing and the tubing pressure recording
device, none of the insulin was delivered to the tissue. This data was therefore not exploitable for
insulin propagation. Yet the images of the explants and the cannula inserted within them were still
available to us.

a. General comments about infusions

All infusions but one reached the target tissue, the hypodermis. One reached in the dermis, with
the tip of the cannula inserted in the inferior part of the dermis, rather than the hypodermis. For
this explant (one of the Tandem infusions), insulin propagated in the dermis, the epidermis and
some insulin was also found at the epidermal surface (Figure 48 A, red circle). For that specific
explant, the insulin initially found atop of the skin appeared to have dried by the end of 3h of test,
resulting in a concentrated (and thus very radio-opaque) pellicle of insulin at the top of the
epidermis (Figure 48 B, red circle).

Figure 48: Explant with dermal infusion with Tandem t:slim x2 at 0.5Ul/h. A. Before the
delivery starts. B. After 3h of infusion
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On all but two the tests performed with the Tandem t:slim x2 pump and the associated Autosoft
90 catheter, including those of the article, a bending of the dermis was observed around the
spot where the cannula was inserted (Figure 49 A). That represents 25/27, or 92% of Tandem
tests. Besides, as reported in the article, only in 14/24 of the tests did the tip of the cannula
actually reach the hypodermis due to this bedding effect, which corresponds to 58% of the
infusions. And again, one in three of the infusions performed at 0.5Ul/h with the Tandem pump
reached the junction between the dermis and the hypodermis rather than only the latter.

On the other hand, 6/6 insertions performed with the Medtronic pump and its associated Mio
Advance inserter did reach the hypodermis. Also, no bending at all was observed around the
spot where the cannula had been inserted (Figure 49 B).

Figure 49: Illlustration of a situation where the skin bent around the cannula insertion spot (A)
compared to one where it did not (B). Red dotted lines show plane of skin surface around.

Air bubbles were observed in all tests.

The Medtronic insertion system requires inserting the cannula before filling it with insulin. On the
other hand, the Tandem cannula is already filled with insulin when inserted. As a consequence,
during a catheter change process, there is the possibility for Medtronic 780G users to trigger a
small delivery of insulin to fill the cannula. This step was only performed in one of the tests
performed with the Medtronic pump (Explant 1, infused at 1Ul/h). This is likely to explain why,
even before initiation of basal delivery, in that specific explant, some insulin (and air) had already
been delivered into the tissue in this one explant (Figure 50). This is also likely to explain some
differences observed in DI graphs, which are presented hereafter.
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Figure 50: Explant with a Medtronic Mio Advance 90 (6mm) inserted, before the BR delivery
was started. Some insulin and air are already in the tissue.

b. Dispersion index for infusions with the Tandem t:slim x2 at 0.5Ul/h

The dispersion index (DI) for the three explants infused with a Tandem t:slim x2 at 0.5Ul/h was
of 6.32, 6.05 and 7.36 after 3h. The evolution of the DI through time for these explants resembles
the general evolution at 1UI/h (Figure 51). The explant n°2 (darker green line, Figure 51) is the

one intradermal infusion (Figure 48).
9
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Figure 51: Dispersion index of the three explants infused with a Tandem t:slim x2 at 0.5Ul/h.
Mean and standard deviation of aggregated data for 1Ul/h infused explants are presented in blue.
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As an indicator, the volume (quantified in number of voxels) was also plotted (Figure 52).

As expected, the delivered volume was lower for 0.5U1/h than for LUI/h infusions, while DI values
are similar between 0.5 and 1UI/h. This observation strongly suggests that DI is indeed an
objective evaluation of bioavailability independently from BR.

1e6

0.5Ul/h, explant 1
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Figure 52: Volume of the zone identified as insulin for the three explants infused with a Tandem
t:slim x2 at 0.5U1/h. Mean and standard deviation of aggregated data for 1Ul/h infused explants
are presented in blue.

c. Dispersion index for infusions with the Medtronic 780G at 1Ul/h and 0.5Ul/h

For the two infusions with the Medtronic at 0.5Ul/h, insulin depots were only detectable from the
10th image (after 50 min), and for one of the infusions at 1Ul/h, only from the 14th image (70
min). This can be seen on the DI graph (Figure 20) where the lines associated with 3 of the 4
explants only start around 1h. This is likely to be explained by the fact that no filling of the cannula
post-insertion was executed.

In tests with the Medtronic pump, DI increases with time and follows a curve of similar shape to
the ones of the tests performed in the article, with a Tandem pump (Figure 53). However,
Medtronic infusions at 0.5Ul/h have a DI value after 3h of respectively 5.48 and 5.94, and are
therefore lower than the mean value observed for infusions performed with a Tandem pump both
at 0.5Ul/h (Dlmean = 657) and at 1Ul/h (D'mean = 702)

A notable difference can be observed between the two infusions at 1Ul/h. DI values of the first
explant are about 2 points higher than DI values of the other, at any time point. It is to be noticed
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that the explant 1 is the one depicted in Figure 50, where some insulin was already in the tissue
before delivery was started due to filling the cannula.

—e— Medtronic 1Ul/h, explant 1
B +— Medtronic 1Ul/h, explant 2
Medtronic 0.5Ul/h, explant 1
—o— Medtronic 0.5Ul/h, explant 2
Tandem 1Ul/h cumulated data

0.0 0.5 10 15 20 25 3.0

Time(h)

Figure 53: Dispersion index of the four explants infused with a Medtronic 780G. Mean and
standard deviation of aggregated data of explants infused at 1Ul/h with a Tandem t:slim x2 are
presented in blue.

Comparison of volume of detected insulin depot between those infusions still show that the total
amount delivered in both explants at 1Ul/h is higher than the volume delivered for 0.5Ul/h (Figure
54).
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—e— Medtronic 1Ul/h, explant 1
—e— Medtronic 1Ul/h, explant 2
Medtronic 0.5Ul/h, explant 1
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—— Tandem 1Ul/h cumulated data
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Figure 54: Volume of the zone identified as insulin for the explants infused with a Medtronic
780G. Mean and standard deviation of aggregated data for explants infused at 1Ul/h with a
Tandem t:slim x2 are presented in blue.

90



A —e— Medtronic 1UI/h, explant 1

o
- Tubing pressure(mbar) M"‘*‘\ e L)
- »
P

a-

Volume (Nb voxels)

(@)

Volume (Nb voxels)

;

106

Also, one can notice that the late detectability of the insulin depot, which causes a belated start
of the curve of the DI graphs in three out of four Medtronic infusions, is associated with a
prolonged period of time with air in the cannula and a pressure profile with a slightly superior
value while no insulin is detected than once some insulin is detectable in the tissue (Figure 55,
B to D). On the contrary, in the one infusion where insulin can be detected from the start, the
cannula contains insulin from the beginning (Figure 55 A).
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Figure 55: Volume of insulin depot, tubing pressure, and cannula content evolutlon through time
for 4 infusions with a Medtronic 780G. A. Medtronic 780G at 1Ul/h, explant 1. B. Medtronic
780G at 1Ul/h, explant 2. C. Medtronic 780G at 0.5Ul/h, explant 1. D. Medtronic 780G at
0.5Ul/h, explant 2

Conclusions on alternative basal rate and pump infusions

Two main ideas are suggested by this series of tests:

e In Tandem t:slim x2 tests performed with 0.5Ul/h, the DI evolution through time
appears to be similar to the ones of 1UI/h despite the 50% reduction in BR. This
suggests that the DI is not sensitive to the volume infused, which is consistent
considering its mathematical construction (ultimately, a ratio of areas).

91

~e— Medtronic 1Ul/h, explant 2

—e— Maedtronic 0.5UI/h, explant 2
—— Tubing pressure(mbar)

'
8

&

'
8

B

'
)

g &
Tubing pressure (mbar)

'
2

Tubing pressure (mbar)



e Most Medtronic infusions have a DI value after 3h inferior to the ones of the Tandem
t:slim x2. This is most likely due to a delayed infusion of the insulin due to air in the
cannula in 3 out of 4 explants.

More tests should be performed to describe potential differences between these pumps and
flowrates. However two structural differences between the Tandem and the Medtronic system
could enlighten these first results.

First, the difference in catheter insertion system is most likely bringing differences in the observed
insulin propagation upon 3 hours. For proper comparison with Tandem tests, more Medtronic tests
with cannula filling should be performed.

The second difference which could introduce differences is the speed of impact of the insertion
needle onto the skin. In the Tandem system, insertion speed is acquired by slight deformation and
release of a flexible plastic element, and is smoother than the insertion from the Medtronic system
that relies on a spring. This could lead to differences in the occurrence of a bending of the dermis
during the impact, which happened a lot in infusions with the Tandem t:slim, thus participating in
frequent infusions of the dermis rather than infusion at the intended depth, into the hypodermis.

General conclusion on Chapter 4

This experimental method describes insulin propagation in the tissue. It is a tool to explore the
influence of various infusion parameters upon insulin propagation and thus insulin absorption,
especially at initiation of delivery in a new infusion site. However such an ex-vivo method can
only partially describe the clinical impact of insulin propagation in the tissue during delivery in
new infusion sites.

The next part is a step further towards understanding insulin absorption in new infusion sites, based
on in-vivo clinical evidence.
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Chapter 5: the IMPLIQUE-KT study

The experimental work of this project has consisted in describing insulin propagation in the tissue
in new infusion sites, based on the hypothesis that the mechanical spread of insulin in the tissue
plays an essential role in the efficiency of absorption. This assumption relies both on results
demonstrating links between the shape of the insulin depot and the speed of absorption 8, and on
the observation of higher postprandial glucose excursions after catheter (KT) change compared to
the third day of KT wear 33,

However, these observations come mainly from ex vivo experimentation or during meal tests. The
existence of post-catheter change glycemic excursions must be confirmed in real life conditions.
In addition, insulin pumps are being increasingly associated with both CGMs and control
algorithms into hybrid closed-loop systems, which automate and adjust insulin delivery up to every
5 min according to a patient’s need.

In that context:

e Can one observe in real-life the existence of glycemic excursions after KT change, like
those observed in a clinical setting by Luijf et al 3, suggesting a slower insulin absorption
in the hours following KT change?

e If this result is confirmed, are these glucose excursions compensated under closed-loop
systems, when insulin administration is adapted every 5 min to the patient’s needs?

The IMPLIQUE study (NCT04939766) is an observational longitudinal study that initially aimed
at describing the impact of a closed-loop system upon the patient’s quality of life and on the burden
associated with the disease 1%°. An ancillary study named IMPLIQUE-KT was designed in order
to answer the questions stated above. Its aim was indeed to compare real-life glycemic profiles
after KT change, to those of 24 and 48h later, both in open-loop (OL) (with no control
algorithm) and closed-loop (CL).

51 Method

a. Inclusion criteria
Inclusion criteria were the same as the main IMPLIQUE study. They included:

e Patients with T1D aged 13 to 18 years old or adults with an insulin pump for at least 6
months including at least 4 months with the Tandem t:slim x2 pump.

e Patients using a CGM system for at least 6 months including at least 4 months with a
Dexcom G6 system.

e Patients for whom the use of a CL system is compliant with the Francophone Diabetes
Society (SFD) recommendations 1

e Patients consenting in having their clinical data collected in the scope of this study

e Patients with internet access.
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Similarly to the main IMPLIQUE study, exclusion criteria were:
e Patients with HbAlc at inclusion above 11%.
e Patients with ongoing or planned pregnancy during the study
e Patients with altered glucose metabolism due to a treatment or a pathology.
e Patients with an evolutive diabetic retinopathy requiring laser treatment.
e Patients included in another clinical trial in diabetology in the month prior to inclusion.

b. Population
257 patients from 59 different centres were included in the main IMPLIQUE study from which
this ancillary study was drawn. After inclusion visit (V0), they spent 20 days wearing a Tandem
t:slim x2 insulin pump and a Dexcom G6 CGM sensor, in an OL setting. On their second visit
(V1), the CL was activated. Three months later, there was a follow-up visit (V5) (Figure 56).
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Figure 56: Graphic summary of the IMPLIQUE ancillary study protocol

The data from the pump and from the CGM were gathered either in the MyDiabby Healthcare app
or the Diasend app (which had become Glooko by the end of the study). At V1 and V5, pump and
CGM data were downloaded from the app platform and uploaded to the clinical study platform (e-
CRF) by the clinician.

c. Description of the data collected via app downloads

Only the data from the Mydiabby app were analysed. Data from the 20 OL days and the 20 last
days of the CL record were analysed. They contained:
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e All pump events and their timestamps: pump interruptions, low battery alarms, low insulin
alarms, occlusion alarms, and reservoir changes.

e All infused insulin information: basal rates, bolus, and automatic boluses (triggered by
the control algorithm) and their timestamps.

e Glucose measurements every 5 minutes.

Recommendation is that reservoir changes are performed at the same time as KT changes. In the
t:slim x2 pump, it is tricky to do one without the other. Moreover, several educational nurses
confirmed to us that changing the KT at another time than the reservoir is a marginal behaviour in
patients, that nurses rarely meet in their practice. Also, participants had been reminded of the
importance of doing both changes at the same time and knew their data was recorded, which is an
additional influence to behave in accordance with the practitioner’s recommendations.

Therefore, we will further refer to “reservoir changes” as the same event as a KT changes.

d. Endpoints computations

For each KT change of each patient, the percentage of time spent in hyperglycemia (above 180
mg/dL) (%TA180) in the 2h that follow KT change was computed, and compared to the % TA180
at the same time of day 24h and 48h later.

Other variables were also computed, upon 2h time intervals after KT change, and the
corresponding time intervals (same time of day) 24h and 48h later. They are listed, with their
description, in Table 6. “Event” refers to either a KT change, or to the same time of days 24 or 48h
later.

Variable abbreviation Variable description

Percentage of time spent at glycemia above 180 mg/dL in the 2h

%TA180 following the event

Cat_bolus Bolus location category. See next section “adjustments” and Figure 2.

sum_bolus Total bolus volume sent in the 2h before and the 2h after the event
Total volume of automatic boluses (triggered by the algorithm) sent in

sum_bolus_auto_2h the 2h after the event

last_gly_before_change Last punctual value of glycemia before KT change

%TA180 ( 2/4/6h before Percentage of time spent at glycemia above 180 mg/dL in the 2h

change) before KT change

True: if the patient changed his/her KT at least after 3 days of wear-
time.
complete_change_cycle_3days False: if the patient changed his/her KT before 3 days of wear-time.

SDw_2h Standard deviation of glycemia in the 2h following the event
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Mean_2h Mean glycemia in the 2h following the event

Max_2h Maximum of glycemia in the 2h following the event
Min_2h Minimum of glycemia in the 2h following the event

Time spent at glycemia above 180 mg/dL in the 2h following the
TA180 event

Time spent at glycemia above 250 mg/dL in the 2h following the
TA250 event
TBO70 Time spent at glycemia below 70 mg/dL in the 2h following the event
TA180 (2h before change) Time spent at glycemia above 180 mg/dL in the 2h before the event
TIR_2h Time spent in the target glycemic range in the 2h following the event
SD_day Standard deviation of glycemia on the day of the event
Mean_day Mean glycemia on the day of the event
Max_day Maximum glycemia on the day of the event
Min_day Minimum glycemia on the day of the event
TA180_day Time spent at glycemia above 180 mg/dL on the day of the event
TA250_day Time spent at glycemia above 250 mg/dL on the day of the event
TB70_day Time spent at glycemia below 70 mg/dL on the day of the event
TIR_day Time spent in the target glycemic range on the day of the event

Percentage of time spent at glycemia above 180 mg/dL on the day of
%TA180_day the event

Percentage of time spent at glycemia above 250 mg/dL on the day of
%TA250_day the event

Percentage of time spent at glycemia below 70 mg/dL on the day of
%TB070_day the event

Table 6: All extracted and computed data from patient’s pump and CGM logs.

e. Pump or CGM data interruptions management

Regarding pump or CGM interruptions, any time interval of interest where the pump or the CGM
data collection was interrupted for more than 10% of the time interval was discarded and not
considered for the analysis. If the interruption occurred in the time window that immediately
followed a KT change, the corresponding time intervals 24 and 48h later were also discarded and
not considered in the analysis.

f. Statistical adjustments

All statistical analysis were performed by a statistician. Data was adjusted for age, sex, glycated
haemoglobin (HbALc), body mass index (BMI) and %TA180 in the 2h previous to KT change.
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g. Analysis by bolus timing categories

Data was additionally analysed separately according to when a bolus is triggered relatively to the
time of KT change (Figure 57):

Category A: One or several boluses were infused both in the 2h before and the 2h after KT change.
Category B: One or several boluses were infused in the 2h before the KT change only.

Category C: One or several boluses were infused in the 2h after the KT change only.

Category D: No bolus was infused in the 2h before or after KT change

U

QJ Catheter change
Category A
Category B
Category C

39( Category D

Figure 57: Graphical summary of categories for adjustment according to bolus localisation

5.2 Results

134 patients logs were properly uploaded from MyDiabby to the electronic case report form (e-
CRF), with both the OL and the closed-loop data. In total, 5360 days were scanned, and 1636 KT
changes were analysed (847 in open loop and 789 in closed loop).

Among them were 72 women, mean age was 35.6 (+/- 15.7) years old, BMI 25.2 kg/m? (+/- 4.7),
HbA1c 7.48 % (+/-0.82).

343 KT changes occurred before 3 days of wear (174 in open loop and 169 in closed loop).

In OL, the mean value of %TA180 in the 2h following KT change was of 58.7%, and was
significantly reduced to 44.2% 24h later (p<0.0001) and to 41.2% 48h later (p<0.0001) (Figure 58
A). Also, %TA180 in the 2h before KT change was 51.3% which was significantly lower than in
the 2h after KT change (p<0.01).

As for OL, in hybrid CL, the mean value of %TA180 in the 2h following KT change was of 49.3%
and was significantly reduced to 31.2% 24h later (p<0.0001) and to 33.2% 48h later (p<0.0001)

97



TAR180 H2

(Figure 58 B). %TA180 in the 2h before KT change was 33.2% which was significantly lower
than in the 2h after KT change (p<0.0001).
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Figure 58: Boxplot of %TA180 for 2h time windows. ** = p<0.01. **** = p<0.0001.

A. In OL, % of time above 180 mg/dL in the two hours before KT change (H-2), in the two hours
after KT change (HO), in the 2h-window 24h later (H24) and in the 2h-window 48h later (H48).
B. In CL, % of time above 180 mg/dL in the two hours before KT change (H-2), in the two hours
after KT change (HO), in the 2h-window 24h later (H24) and in the 2h-window 48h later (H48).
C. % of time above 180 mg/dL in the two hours after KT change, in open-loop (OLHO) versus
closed-loop (CLHO)
D. % of time above 180 mg/dL in the 2h-window located 24h after KT change, in open-loop
(OLH24) versus closed-loop (CLH24)
E. % of time above 180 mg/dL in the 2h-window located 24h after KT change, in open-loop
(OLH48) versus closed-loop (CLH48)
F. % of time above 180 mg/dL in the two hours before KT change, in open-loop (OLH-2) versus
closed-loop (CLH-2)

There was a significant reduction (p<0.0001) in %TA180 in the 2h following KT change in CL
compared to OL (Figure 58 C). A significant reduction was also found in CL compared to OL for
the 2h time windows located 24h after a KT change (p<0.0001) (Figure 58 D), and the reduction
in %TA180 was less, but still significant (p<0.01) for 2h time windows located 48h after KT
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change (Figure 58 E). In the 2h prior to KT change, a significant reduction in %TA180 was also
observed from OL to CL (p<0.0001).

Parameter estimates Variable Estimate 95% Cl (asymptotic) P value
RO Intercept 47,33 4,186 to 90,46 0,0316

B1 Sex -2,93 -10,68 to 4,820 0,4581

Open Loop B2 BMI (kg/m?) -0,08669 -0,9347t00,7613 0,841
Delta DO-D1 B3 HbA1c (%) -2,515 -7,513 10 2,483 0,3235
B4 Age (years old) -0,3986 -0,6612t0-0,1360 0,003

% Time Above 180 mg/dl
B5 during the 2 hours before the 0,08736 -0,006350to 0,1811 0,0676
change

Table 7: Multivariate analysis of the difference in % of time spent above 180 mg/dL between the
first day of KT wear (D0) and the next day (D1), according to sex, age, BMI, HbAlc, and the %
of time spent above 180 mg/dL in the 2h prior to the event, during the OL period.

Parameter estimates Variable Estimate 95% Cl {(asymptotic) P value

RO Intercept -4,451 -46,39 to 37,49 0,835

1 Sex -1,804 -9.403 10 5,796 0,6413

Close Loop B2 BMI (kg/m?) 04124 -0,385110 1,210  0,3102
Delta DO-D1 B3 HbA1c (%) 3,443 -1,359 to 8,244 01596
B4 Age (years old) -04162 -067121t0-01611 0,0014

% Time Above 180 mg/d
B5 during the 2 hours before the 0,09099 -0006794 to 0,1888 0,0681
change

Table 8: Multivariate analysis of the difference in % of time spent above 180 mg/dL between the
first day of KT wear (D0) and the next day (D1), according to sex, age, BMI, HbAlc, and the %
of time spent above 180 mg/dL in the 2h prior to the event, during the CL period.

Multivariate analysis shows that both in OL (Table 7) and CL (Table 8), the significant delta
observed between day 0 and day 1 was affected (negatively) by age only (p<0.05). It was not
affected by BMI or HbA1lc, nor by the %TA180 in the 2h prior to KT change.

Also, the delta values between %TA180 on day 0 and day 1 were not significantly impacted by

the change from OL to CL (Figure 59). Neither were the delta values between %TA180 on day 0
and day 2, or between day 1 and day 2 (Figure 59).
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Figure 59: Delta values between %TA180 in the 2h following KT change and 24h later (JO-J1),
in the 2h following KT change and 48h later (JO0-J2), and between the 2h located 24h and 48h

after KT change (J1-J2).

All KT changes were sorted according to the localisation of the near boluses between categories
A, B, C or D (see 5.1 Method section for category definitions). Repartition of KT changes between
the categories is presented in Table 9.

n

O 0O w >

789
208
194
261
125

Table 9: Repartition of KT changes according to their bolus category

n

847
236
194
324

93

1636
445
388
585
218
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Figure 60: %TA180 in the 2h prior to KT change (H-2), 2h following KT change (HO), 24h
(H24) and 48h after KT change (H48), according to bolus category, in open-loop (OL) and in
closed-loop (CL).

In the situations where some bolus were infused both before and after KT change (category A),
%TA180 were found significantly higher in the 2h following KT change than before KT change
(p<0.01 in OL and p<0.0001 in CL) and also than 24 and 48h later (p<0.0001 in OL and CL)
(Figure 60: %TA180 in the 2h prior to KT change (H-2), 2h following KT change (HO0), 24h (H24)
and 48h after KT change (H48), according to bolus category, in open-loop (OL) and in closed-
loop (CL).).

Similar results were found when a bolus was infused only after KT change.

However when a bolus was infused before KT change, no difference in %TA180 could be found
in all these time slots in OL, and in CL, %TA180 was found significantly higher to the 2h before
KT change only (p<0.01).

Finally when no bolus at all were infused either before or after KT change, the tendency in OL
was found different than in the previous situations, for indeed, the %TA180 in the 2h prior to KT
change was higher than immediately after KT change (p<0.001). No significant observations could
be made when no bolus was infused in CL.
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5.3 Discussion

In this work, real life glycemic data was collected in 134 patients with T1D under OL and CL
system, and the glycemic state following KT changes was studied compared to other moments in
the course of the insulinotherapy. Results depict significant glycemic excursions in the 2h that
follow KT change compared to 24h and 48h later, both in OL and in CL. This result is independent
from glycemic status in the 2h before KT change, as shown by the p>0.05 associated with %TA180
in the 2h prior to KT change (8. parameter, Table 2 and 3).

To our knowledge, these are the first results which observe glycemic excursions after KT change
in real life conditions. The 2013 study from Luijf et al 3 observed this effect in a very strict clinical
setting with a test meal. Moreover, these results bring new critical information compared to 2013:
these frequent glycemic excursions after KT change are mostly maintained under a CL system.

When patients bolused only before the KT change, rather than only after, they do not seem to have
experienced a glycemic excursion. On the other hand, those who perform boluses after catheter
change do experience such excursions. This suggests that the moment of the bolus may have an
incidence on the excursions. However in order to confirm a causal relationship between these
observations, a crossover randomised study would be required to see whether timing bolusing
before a KT change could indeed prevent (or limit) such excursions.

CL systems can drastically increase the time spent in the glycemic range (TIR) of patients, but
despite this effective technology, TIR appears to reach a structural limit at 70%. On the other hand,
KT changes are frequent (every 3 days), and were here demonstrated to be critical moments in the
insulinotherapy, including when using a CL system. In that context, identifying this moment of
weakness in the efficiency of the therapy is highly relevant, for indeed, reducing this post-KT
change effect could constitute a leverage in order to reach another level of TIR in patients with
T1D.

A clear strength of this study is the high number of patients (134), and additionally, the high
number of KT changes which could be observed per patient (12.3 changes in average per patient).
It is also the first study to observe KT change effect on glycemia both in OL and in CL.

However one can acknowledge a few limitations to this study. It would have been highly
interesting to also have access to which infusion site the patient was using (thigh, abdomen, arm
or buttocks) for each KT change, and to study the potential impact of those locations on the
glycemic excursions observed. Collecting data on whether or not the infusion site bore a
lipodystrophy before and/or after infusion site use would also have been interesting.
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Further crossover randomised study is needed to answer how bolusing behaviour affects glycemic
excursions after KT changes, from which very simple recommendations could be built to patients
in order to improve their glycemic control in the hours after KT change. If such a study is
conclusive, patient education could then indeed include anticipation of the post-KT change
glycemic excursion by timing the KT change after a meal bolus.
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Chapter 6: Discussion

This multidisciplinary project aimed at studying insulin subcutaneous propagation and absorption
in the specific case of an insulin pump basal rate delivery, as a potential cause for glycemic
variability. It mainly interrogates insulin propagation in the tissue during the first hours in infusion,
when a “naive” infusion site IS being infused, first from an ex-vivo point of view, then using a
clinical approach.

6.1  Summary of the results of the ex-vivo study

A first ex-vivo part consisted in building a method to study the mechanical propagation of insulin
in human subcutaneous tissue. This method is the first method to combine 3D imaging of the
insulin depot and pressure measurements, in a time-dependent analysis. It is the first, to our
knowledge, to be precise enough to observe basal rate delivered-insulin, while being performed
upon human tissue.

This method was the occasion to introduce a reproducible metric, the dispersion index (DlI), to
describe insulin propagation. DI is interpretable for itself. A DI value of 7 means that the contact
area of the insulin depot is 7 times higher than it would be in the least favourable situation to
absorption. In that sense, might be understood as an indirect indicator of the bioavailability of the
infused insulin, among other tools.

During the first implementation of this method, a single set of infusion conditions were used: one
unique pump was used, and it was set to a unique basal rate to deliver through one model of KT.
We observed that the actually infused tissue (whether hypodermis, dermis, or dermis-hypodermis
junction) strongly impacts the evolution of DI with time. Also, for a quite important amount of
these infusions (9/24, which were performed with a Tandem t:slim x2 pump and Autosoft 90
catheters, the cannula ended up inserted in an untargeted tissue (dermis or dermis-hypodermis
junction). We hypothesised that this was partly due to our setting, for it is tricky to operate an
insertion on an isolated explant that has no superficial skin tension, without having the skin surface
bend during the insertion process. However, it is possible that such ectopic catheter insertion could
also happen in real life clinical situations.

This method was then employed upon a limited number of explants with other infusion conditions,
introducing a new pump (the Medtronic 780G) and a new basal rate (0.5Ul/h).

These results tended to confirm that DI is independent from the volume delivered, which is
consistent with its mathematical construction. The use of a different pump does seem to slightly
affect DI, although due to the very limited number of experiments, it is not possible to determine
whether this is due to the infusion rate profiles, which differs between the two pumps, or to the
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insertion process of the cannula, as both pumps use different inserters with very different
characteristics.

Yet, it may be noted that no skin bending was observed in the tests performed with the Medtronic
Mio advance inserter. As a consequence, cannulas were inserted inside the hypodermis in all
experiments. Based on our previous result concluding on different DI behaviours according to
which tissue structure is infused, this would at least tend to confirm the suspicion of a critical role
of the inserter, although more tests would be required to draw such a conclusion.

Finally in all test conditions, infusion of air bubbles which constitute an under delivery of insulin,
were associated with pressure build-ups or elevation of tubing pressure.

6.2  Perspectives on the ex-vivo study

These results highlight the need for further application of this method to conclude on various
comparisons on infusion parameters. More tests with various pumps could be performed, including
at various basal rates. Indeed, although DI is independent from the volume delivered, pumps do
not all have the same strategies to modulate their flowrate. Some modulate the frequency of their
impulsions, others the volume of impulsion %%, and this is likely to affect the characteristics of the
spread of insulin in the tissue.

But also, as previously mentioned in this work, many more infusion parameters are likely to affect
insulin propagation. Insertion system, cannula length, material, shape or angle of insertion, are
relevant parameters to study. Parameters which do not depend on the technology, but rather on the
patient, could also be explored. Studying infusions in explants sampled from various body
locations would contribute to answer an often repeated interrogation of the literature on the impact
of these body locations 243*. In such a perspective, studying insulin propagation in a sample bearing
lipodystrophies would be also highly relevant, although access to such tissue is rare, which is why
such an experiment would be difficult to plan. As lipodystrophies modify the mechanical
characteristics of the tissue, one could hypothesise that DI behaviour with time would then be
significantly affected. Finally the impact of other variables could be explored, such as insulin type,
demographic characteristics of the patient (sex, phototype, age), BMI, skin temperature during
delivery...

In the scope of this work, only deliveries at fixed BR were studied. However in the context of the
generalisation of CL systems, BR will less and less be stable, but rather change up to every 5 min
according to the patients’ needs. One could therefore relevantly study how insulin propagation is
affected by brutal changes in basal rates throughout the delivery.

Similarly, studying how insulin propagates in BR delivery after a bolus was released would be
relevant data to increase knowledge on both OL and CL delivery modes.
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Also, delivering a BR of insulin for several days in a given explant, then imaging the propagation
of a CA and insulin mixture in the explant would be a way of studying some of the effects of wear
time of an infusion site. One must stress that in an ex-vivo context, this would only be an
opportunity to observe whether mechanical propagation is eased in a tissue infused for a long time
compared to the initiation of infusion. It would not, however, allow to see the impact of
inflammation of the tissue like it would be in an in-vivo experimentation %.

Finally, the observed increases in tubing pressure suggest that detection of events regarding
insulin delivery, such as air infusion, would be possible if some finer pressure sensors were
integrated to the pumps. Indeed, although we observed increases in tubing pressure when air
bubbles were infused, no occlusion alarm was ever triggered during any of our experiments.

6.3  Summary and perspectives of the clinical study

The IMPLIQUE-KT protocol aimed at confirming the existence of post-KT change hyperglycemia
in real-life and evaluating the effect of a CL system upon this phenomenon.

Results do describe significant hyperglycemic events after KT changes, which persist under CL.
This is the confirmation of a variability of insulin absorption associated with KT wear-time that
had been observed in a clinical setting by Luijf et. al %,

Also, a significant association between this increase of time above range and bolus timing was
found. Bolusing before KT change was found to be associated with a disappearance of
this phenomenon. Yet, a causal relationship between bolusing before the KT change, and the
reduction of the time above range must be confirmed during a dedicated study.

One could imagine that bolusing before KT change allows one to benefit from the insulin from the
previous infusion site while the new infusion site is being initiated. We indeed know from the first
experimental work on human explants that during the first hours in that new infusion site, DI of
the insulin depot progressively increases. As a consequence, a given amount of insulin delivered
benefits from a reduced contact area with the tissue compared to a few hours later, thus limiting
initial absorption speed.

One could also have formed the hypothesis that delivering a bolus immediately after the KT change
could participate in mechanically initiating the infusion site, opening channels in the subcutaneous
tissue for the insulin to spread into. This would then allow the insulin newly delivered into this
site, at a basal delivery rate, to be absorbed more rapidly, and therefore closer to how it would be
in a site that had already been used for a few hours. Our results do not appear to support this
hypothesis. However, our study does not allow methodologically to state on this matter. Indeed,
in the IMPLIQUE setting, the post-KT change boluses are delivered at the initiative of the patient,
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because they see a need for it. This constitutes a bias compared to a setting where bolus would
systematically be delivered after catheter change. However, Luijf et. al *® observe higher glycemic
excursions on day 1 than on day 3 of KT in a context where the bolus is delivered after KT change,
which does not support this hypothesis.

To definitely state on this matter, and on a positive effect of a pre-KT change bolus, a randomised
crossover study would be relevant. It would indeed allow to see if a bolusing behaviour that
includes anticipation of KTC could improve time-in-range (whether in OL or CL), and if so, which
behaviour exactly.

Such study could be built in such a way: patients’ pump and CGM data would be collected the
same way as in IMPLIQUE. However, for each new KT change, they would be given an instruction
on whether to time a bolus immediately before, or immediately after, they carry out the change,
independently from their current glycemia.

In order not to expose patients to a risk of hypoglycemia, the instruction would be to associate
these KT changes (whether effected before or after a bolus) with mealtimes and therefore, with
meal bolus which would have to be infused anyway to compensate for a meal.

One could imagine including prevention of hyperglycemia after KT change into CL algorithms,
based on the announcement of the imminent KT change event. However our results show that this
hyperglycemia phenomenon, although existent and significant, is not systematic. Therefore, it
could also be dangerous to include an extra delivery of insulin associated with KT changes in a
CL algorithm. In that context, if one was to fully demonstrate the causality between such a bolusing
behaviour and avoiding the post-KT change hyperglycemic events, then this behaviour could
easily be included in patients' education. Besides, this would constitute a frugal solution to post-
KT change hyperglycemia instead of heavy technological development.

These results also speak in favour of the ongoing development of KT of extended wear-time. All
major infusion set manufacturers are indeed currently developing such KT with 7-days wear-time
59111112 “and to date, one of those has reached the market (Medtronic Extended). Indeed, long-
wearing time KT would reduce the frequency at which patients are exposed to this KT-change
hyperglycemia. However several studies alert on the decline of infusion set efficiency after 3 days
227679 Some of the long KT wear time issues identified in the literature could potentially be
improved on: skin reactions (itching, bruising, swelling and/or pain) *** could potentially be
resolved by changes in the materials used. However, an increase in daily blood glucose was
observed with wear-time as well ®, which appears to be harder to resolve. In that context, resolving
the post-KT change effect by a specific bolusing behaviour could be a privileged strategy
compared to a reduction of KT frequency of use.
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General conclusion

This work is an appraisal for the inclusion of a mechanical approach to better understand the
differences in insulin subcutaneous absorption. Its intent was to provide new data, tools and
reflexions to nurture research on insulin subcutaneous diffusion. It resulted in the
technological proposition of a time-dependent follow up of insulin basal delivery, on its proof
of concept, and led to the introduction of a new interpretable metric to characterise insulin
subcutaneous propagation. The IMPLIQUE-KT study is the demonstration that improvement of
our understanding of subcutaneous propagation in the hours that follow KT change is still relevant
in the context of the new technological therapeutic approach that are CL systems.
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Annex

Annex 1 — Supplemental data S1 to the submitted article

S1. Patients data

Samples provided by Bio-EC laboratories

All samples were collected on patients who underwent post-bariatric surgery.

Age  Gender Phototype (Fitzpatrick scale) Sampling site

Donor 1 55 I abdomen

F.
Donor 2 57 F 1 abdomen
Donor3 43 F \% abdomen
Donor 4 51 F 1 abdomen

109



Annex 2 — Supplemental data S2 to the submitted article
S2. Viscosity of insulin Aspart Novorapid U100 and lopamiro 200 contrast agent mixture

A 15% mass of lopamiro 200mg/mL was mixed with insulin Aspart Novorapid U100 and loaded into a t:slim ™
cartridge. This concentration results from the comparison between the pCT detectability of a low volume depot for a
10% mass concentration of CA, in accordance with another example in the literature (Mader et al, 2013) and a 15%
mass concentration of CA. The increase in viscosity was measured using a Brookfield DV2T viscometer, and found
negligible (2% - see further viscosity measurements in figure S1, supplemental data) against the improvement in depot
detectability.

Concentration CA Viscosity % increase of viscosity compared to
(% of mass) (cP) pure Insulin Aspart U100
0 141 0
5 142 0.71
10* 1.47 4.26
15** 1.50 6.38
17.5 1.53 8.51
20 1.57 11.35
22.5 1.58 12.06
25 1.59 12.77

* value of CA concentration available in Mader et al, 2013
** yvalue of CA concentration used in this study
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Annex 3 - Picrosirius red staining protocol on frozen slides

e Take frozen slides out of -80°C freezer and leave 1h in 0.1% Picrosirius red staining
solution

¢ Rinse picrosirius red with deionised water

e Leave for twice 30” in deionised water and acetic acid (5%o)

¢ Rinse in deionised water and remove the excess of water

¢ Immediately transfer into 3 successive 100% ethanol baths of 1min for dehydration

¢ Mount with hydrophobic mounting agent
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