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Abstract

Objective:
The very presence of an implanted sensor (a foreign body) causes changes in the adjacent tissue that may alter  
the analytes being sensed. The objective of this study was to investigate changes in glucose availability and 
local tissue metabolism at the sensor–tissue interface in patients with type 1 diabetes mellitus (T1DM) and 
type 2 diabetes mellitus (T2DM).

Method:
Microdialysis was used to model implanted sensors. Capillary glucose and subcutaneous (sc) microdialysate 
analytes were monitored in five T1DM and five T2DM patients. Analytes included glucose, glycolysis 
metabolites (lactate, pyruvate), a lipolysis metabolite (glycerol), and a protein degradation byproduct (urea).  
On eight consecutive days, four measurements were taken during a period of steady state blood glucose.

Results:
Microdialysate glucose and microdialysate-to-blood-glucose ratio increased over the first several days in all 
patients. Although glucose recovery eventually stabilized, the lactate levels continued to rise. These trends  
were explained by local inflammatory and microvascular changes observed in histological analysis of biopsy samples.  
Urea concentrations mirrored glucose trends. Urea is neither produced nor consumed in sc tissue, and so the 
initially increasing urea trend is explained by increased local capillary presence during the inflammatory 
process. Pyruvate in T2DM microdialysate was significantly higher than in T1DM, an observation that is 
possibly explained by mitochondrial dysfunction in T2DM. Glycerol in T2DM microdialysate (but not in T1DM) 
was higher than in healthy volunteers, which is likely explained by sc insulin resistance (insulin is a potent 
antilipolytic hormone). Urea was also higher in microdialysate of patients with diabetes mellitus compared  
to healthy volunteers. Urea is a byproduct of protein degradation, which is known to be inhibited by insulin. 
Therefore, insulin deficiency or resistance may explain the higher urea levels. To our knowledge, this is the  
first histological evaluation of a human tissue biopsy containing an implanted glucose monitoring device.

continued 
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Introduction

Lack of glycemic control in diabetes mellitus (DM) 
causes complications.1–5 It is a long-standing goal to enable 
continuous monitoring of glucose and lipid metabolism  
to assist patients with type 1 diabetes mellitus (T1DM) 
and type 2 diabetes mellitus (T2DM) to achieve  
metabolic control.

In developing in vivo continuous monitors for glucose and 
other analytes, a key reason that long‑term implantable 
sensors have not been successful to date is the lack of 
similarity of analyte concentrations in the interstitial 
fluid at the sensor‑tissue interface compared to blood. 
The process of introducing a sensor into the tissue itself 
creates a blood-clotting and wound-healing reaction to 
repair the microdamage done to the tissue during 
insertion.6 Beyond the initial inflammation and wound-
healing reaction, the presence of a foreign body creates 
additional tissue changes at the interface of a sensor,  
and these tissue changes may alter the concentrations of 
various analytes detectable by the implanted sensor.7–9

Microdialysis is an in vivo diffusion-based sampling 
technique for studying metabolism in different tissues,10 
and it is a simple analogue to in vivo analyte sensors.11,12

It permits concurrent study of numerous small molecules 
that diffuse from the tissue through a semipermeable 
membrane, similar to the semipermeable membrane of 
sensors, but without the complexities of detection enzymes, 
electronics, and other components of implanted sensors.

Figure 1 describes the relation of various metabolites of 
interest for continuous monitoring in the subcutaneous 
(sc) tissue. Glucose freely diffuses from capillaries into 
interstitial fluid. In insulin-responsive tissues (skeletal 

muscle, adipose, and heart tissue), the glucose transport 
into the cells is facilitated by insulin-responsive glucose 
transporter-4 (GLUT-4). In the cell cytoplasm, glucose 
undergoes glycolysis and is converted to pyruvate.  
There are three pathways for pyruvate that are in balance 
with each other depending on cellular conditions:  
(1) a small amount pyruvate diffuses outside the cell 
and can be detected in the interstitium; (2) some pyruvate 
is converted to lactate in the cytoplasm, and the 
relative amounts are increased during hypoxia; and 
(3) for optimal cellular energy production, pyruvate 
enters the mitochondria to be converted to energy 
(adenosine‑5’‑triphosphate) via the citric acid cycle. 

Abstract cont.

Conclusions:
Monitoring metabolic changes at a material–tissue interface combined with biopsy histology helped to formulate  
an understanding of physiological changes adjacent to implanted glucose sensors. Microdialysate glucose  
trends were similar over 1-week in T1DM and T2DM; however, differences in other analytes indicated wound 
healing and metabolic activities in the two patient groups differ. We propose explanations for the specific 
observed differences based on differential insulin insufficiency/resistance and mitochondrial dysfunction in  
T1DM versus T2DM.
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Figure 1. Insulin stimulates GLUT-4-associated glucose transport into 
the fat and muscle cell and inhibits lipolysis. Glucose enters glycolysis 
and is converted to pyruvate and lactate. 1, insulin receptor; 2, vesicle 
containing GLUT-4; 3, GLUT-4; 4, mitochondria; 5, vesicle containing  
fat droplet; FFA, free fatty acid.
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Glycerol is a byproduct of triglyceride breakdown and 
therefore is a marker of lipolysis,13 which is inhibited 
by insulin.14 Lipolysis and glycolysis are key metabolic 
processes that are altered in the diabetic state, and they  
may be readily studied with microdialysis because of the 
small size of molecules involved.

Previous long-term studies15,16 using microdialysis for 
3 weeks in humans have reported an increase in glucose 
concentration over the first few days that reached a 
plateau for the remainder of the study, leading one to 
believe that the tissue at the material–tissue interface was 
stable after the first few days. However, measurement 
of additional analytes using the same technique over 
8 days,17 showed that lactate, pyruvate, and glycerol 
continue to change. The instability of these metabolites 
indicates that the tissue environment at the interface of  
the implant is still in a state of change at least 1 week 
after implantation. The objective of this study was to 
investigate changes in glucose availability and local 
tissue metabolism at the sensor–tissue interface in  
T1DM and T2DM over 8 days.

Methods

Subjects
Ten patients with DM (5 T1DM and 5 T2DM) were 
recruited with the approval of the Ethical Research 
Committee at Karolinska Institutet, Stockholm, Sweden 
(KI Forskningsetikkommitte Nord, Dnr 99-132). The age 
range was 40–62 years for patients with T1DM and  
59–75 years for patients with T2DM. The range of 
body mass index (BMI) was 23–31 kg/m2 for patients 
with T1DM and 26–40 kg/m2 for patients with T2DM. 
The DM duration range was 8–34 years and 9–25 years  
for patients with T1DM and T2DM, respectively.  
All patients with T1DM were on multiple daily insulin 
injections, and one was on continuous sc insulin via 
a pump. Two of the patients with T2DM were only  
on insulin therapy, and 3 of the patients with T2DM 
were on combination therapy with metformin and 
insulin. All patients provided informed consent before 
the study began.

Experimental Design
Each patient received two microdialysis catheters (CMA/60,  
CMA/Microdialysis AB, Solna, Sweden) in the peri-
umbilical sc tissue approximately 10 cm on both sides 
of the umbilicus. The skin was disinfected, and no local 
anesthesia was used before insertion. The catheters 
remained implanted for 8 days. Ten catheters were used 
in each patient group. Sterile Ringer’s solution (Perfusion 

fluid, CMA/Microdialysis AB, Solna, Sweden) was 
perfused through the microdialysis catheters at a flow 
rate of 2 µl/min with a microinfusion pump (CMA/107, 
CMA/Microdialysis AB, Solna, Sweden). One catheter in 
T1DM and two catheters in T2DM ceased functioning 
during the course of the study and were thus excluded.

Sample collection was preformed with the subjects in 
the supine position once a day for 8 days. In order to 
maintain a constant level of blood glucose at the time of 
the measurements, participants were asked to eat their 
regular meals and take their regular medication 2 hours 
before the start of the sample collection period each day. 
Participants were asked to maintain their daily activities  
and sleep schedule. Steady state blood glucose conditions 
during microdialysate sample collection periods were 
confirmed. There was no net increase or decrease in 
blood glucose or the concentrations of the collected 
dialysate samples for the four samples collected from 
each patient on any given day, except for one day in one 
T1DM subject.

On the day of the catheter insertion (day 1), a 35 min 
equilibration period (6 min flush at 15 µl/min and 
29 min at 2 µl/min) was allowed before microdialysate 
was collected. On days 2 to 8, the equilibration period 
was 15 min (6 min flush at 15 µl/min and 9 min at 
2 µl/min). On day 1 and each subsequent day, four 
10 min microdialysate samples (20 µl/sample) were 
collected after the equilibration period. Corresponding 
capillary blood glucose values were collected between 
microdialysate samples 1 and 2 and between samples 
3 and 4. Eight days after insertion, the microdialysis 
catheters were withdrawn.

Human Biopsy and Histology Preparation
In one healthy volunteer (one of the authors) who was 
willing to undergo the described protocol and to donate 
histology samples (age 59, BMI 25 kg/m2), biopsies from 
sc adipose tissue with and without the microdialysis 
catheters were surgically removed. This was not a 
planned part of the study, however this was done for 
supplemental data to help gain an understanding of the 
metabolite measurements at the material–tissue interface.  
In this volunteer, four catheters were placed, one of 
which stopped functioning on day 3 (no microdialysate 
flow) but was left in place for the remainder of the study. 
After the last measurement on day 8, the three functional 
catheters were explanted with the surrounding sc tissue. 
One control sample of sc tissue (2 cm away from any 
microdialysis catheter) was also collected. The fourth 
catheter (nonfunctioning) was withdrawn without tissue 
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levels increased significantly in both groups over the 
first four to five days, and after that time, changes 
detected were not significant (Figure 2A). There was no 
significant difference between the microdialysate glucose 
levels in T1DM and T2DM (p ≥ .05).

Lactate at the Material–Tissue Interface
The lactate levels increased significantly from day 1 to 
day 2 in patients with T2DM and from day 1 to day 3 
in patients with T1DM. An overall more gradual, but 
not significant, increase was observed in both groups 
over the remainder of the study. The lactate levels were  
higher although not significantly in patients with T2DM 
compared to patients with T1DM (Figure 2B).

Pyruvate at the Material–Tissue Interface
In patients with T1DM, the mean microdialysate pyruvate 
levels were stable over the study period. In patients with 
T2DM, mean pyruvate levels increased until day 2, and 
observed changes after that time were not significant. 
The microdialysate pyruvate levels in patients with 
T2DM were significantly higher compared to patients 
with T1DM (p = .017; Figure 2C).

Glycerol at the Material–Tissue Interface
The mean microdialysate glycerol levels increased 
significantly from day 1 to day 2 and were stable 
thereafter in both groups. There were no significant 
differences between the two groups (Figure 2D).

Urea at the Material–Tissue Interface
The mean microdialysate urea levels increased over the 
first five days in both groups, and observed changes 
after that time were not significant. A gradual but not 
significant decrease was observed in both groups after a 
peak around day 5. Urea levels were higher although not 
significantly in patients with T2DM compared to patients 
with T1DM (Figure 2E).

Glucose at the Material–Tissue Interface Compared 
to Capillary Glucose
The mean capillary glucose levels were similar in the 
two groups on day 1 and did not change significantly 
on the subsequent days due to the fasting schedule 
followed before daily measurements. Although capillary 
glucose levels remained constant, the ratio of the glucose 
microdialysate to capillary glucose increased significantly 
during the first five out of eight days (Figure 3). 
The glucose detected at the material–tissue surface on 
day 1 was only 10–15% of capillary glucose, but this 
increased to a plateau of around 50% by day 5.

biopsy and processed for histology as the other biopsies. 
Tissue samples were fixed in 4% buffered formaldehyde, 
routinely prepared by embedding in paraffin. 
Histopathological examination of sections stained with 
hematoxylin and eosin was performed.

Sample Analysis
The concentrations of glucose, lactate, pyruvate, urea,  
and glycerol were analyzed in all microdialysis samples 
using a CMA/600 Microdialysis Analyzer (CMA/
Microdialysis AB, Stockholm, Sweden).18 Capillary blood 
samples were taken from the fingertips and immediately 
analyzed on a hand-held glucose meter (Glucotrend, 
Roche Diagnostics, Mannheim, Germany, or Free Style, 
Abbott Laboratories, Abbott Park, Illinois).

Data Analysis
The transport of glucose from the capillaries through the 
interstitial fluid and through the microdialysis membrane 
was compared to blood glucose (microdialysate glucose/
capillary blood glucose) and converted to a percentage 
(×100) termed “relative glucose recovery.” Mean relative 
glucose recovery was calculated for each catheter on each 
day based on the four collected microdialysate samples.

Statistical Analysis
For each metabolite, the mean and standard error of the 
mean (SEM) in each group on each day were calculated 
from the individual catheter averages (average of the 
four data points collected on any given day from any 
given catheter). The significance of each metabolite trend 
over time was tested using repeated measured analysis 
of variance (ANOVA). Significant differences between 
values obtained on each day in the same group were 
tested using Wilcoxon Matched Pairs test (e.g., comparing 
whether day 1 is different from day 2). Significant 
differences between the groups on the same day were  
tested using the Mann–Whitney U test. Differences between 
the two groups for all metabolites were tested using 
repeated measures ANOVA. A p value < .05 was 
considered significant.

Results
The microdialysate glucose, lactate, pyruvate, glycerol, 
and urea levels over the study period in the two DM 
groups are shown in Figure 2.

Glucose at the Material–Tissue Interface
Microdialysate glucose levels and trends were similar in 
patients with T1DM and T2DM. Microdiaysate glucose 
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Figure 2. (A) In patients with T1DM (circles), the microdialysate glucose increased from 22 ± 3 mg/dl (mean ± SEM) at day 1 to 82 ± 21 mg/dl at day 4
(p < .001). In patients with T2DM (squares), glucose was 13 ± 3 at day 1 and increased to 78 ± 10 mg/dl at day 5 (p = .012) and were stable thereafter. 
(B) In patients with T1DM (circles), mean lactate concentrations increased from 0.4 ± 0.1 mmol/liter at day 1 to 0.8 ± 0.1 mmol/liter at day 3 
(p = .011). In T2DM (squares), mean lactate levels increased significantly over the first two days, from 0.4 ± 0.1 mmol/liter at day 1 to 1.0 ± 0.1 mM 
at day 2 (p = .012) . A gradual, but not significant, increase was observed in both groups over the remainder of the study (C) Microdialysate 
pyruvate levels in T1DM (circles) were 68 ± 18 µM at day 1 and 83 ± 8 µmol/liter at day 8 (not significant). In T2DM (squares), microdialysate 
pyruvate increased from 50 ± 12 µmol/liter at day 1 to 112 ± 14 µM at day 2 (p = .012) and were stable thereafter. (D) Microdialysate glycerol levels 
increased from 68 ± 8 µmol/liter at day 1 to 125 ± 12 µmol/liter at day 2 (p = .008) for T1DM (circles) and from 66 ± 11 µmol/liter at day 1 to 
181 ± 27 µmol/liter at day 2 (p = .012) for T2DM and were stable thereafter. (E) Microdialysate urea levels increased from 1.5 ± 0.2 mmol/liter at 
day 1 to 5.4 ± 0.4 mmol/liter at day 5 (p = .008) in T1DM and from 1.9 ± 0.5 mmol/liter at day 1 to 7.0 ± 1.4 mmol/liter at day 5 (p = .012) in T2DM.
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Histology of the Material–Tissue Interface in One 
Healthy Subject
Inflammatory cells and capillaries were observed in close 
proximity to the microdialysis catheter after one week 
implantation (Figure 4A). The tissue at the surface of the 
microdialysis catheter was characterized by an epithelioid 
granulomatous reaction containing activated macrophages. 
Further from the catheter surface, fibroblasts and a 
variety of immune cells (eosinophils, histiocytes, and 
lymphocytes) were observed. Within a 1 to 150 µm 
distance of the microdialysis catheter surface, numerous 
large capillaries were observed. In contrast, no inflam-
matory cells and fewer, smaller capillaries were observed 
in the sc adipose tissue taken at a distance from the 
microdialysis catheter (Figure 4B).

Discussion
We have previously observed that the levels of glucose 
detected at a biomaterial–tissue interface in the subcutis 
of healthy volunteers increased during the first several 
days after implantation and then plateaued.17 It is known 
that persons with DM have impaired microvasculature  
and wound healing19–21 and increased levels of macrophages 
in their adipose tissue22,23 and that hyperglycemia 
impairs the proliferation and adhesion of fibroblasts, 
key players in wound healing.24,25 Therefore, it was 
hypothesized that the DM condition may have an impact  
on the local tissue reaction to long‑term sc implantation 
of sensors or microdialysis catheters. The objective of  
this study was to investigate long‑term changes in 

Figure 3. Mean ± SEM for relative glucose recovery, calculated as 
(microdialysate glucose/capillary glucose) × 100, for a flow rate of  
2 µl/min in patients with T1DM (circles) and T2DM (squares) over 
one week. The relative glucose recovery increased from 13 ± 2% to  
49 ± 3% at day 5 in T1DM (p = .000) and from 10 ± 2% to 46 ± 3% in 
T2DM at day 5 (p = .000).

Figure 4. Histological images of human sc tissue. (A) Biopsy of a
microdialysis catheter that resided in healthy subcutis for one week.  
a, adipocytes; b, red blood cells; c, capillaries; e, eosinophils; g, epithelioid 
granulomatous reaction containing activated macrophages; f, fibroblasts; 
h, histiocytes (tissue macrophages); m, microdialysis membrane; 
l, lymphocytes. (B) Intact sc tissue in the same healthy subject: 
a, adipocytes; c, capillaries.

glucose and tissue metabolites at the sensor–tissue 
interface in patients with T1DM compared to T2DM.

Glucose at the Tissue–Material Interface Increases 
after Insertion
The sc microdialysate glucose compared to blood glucose 
increased over five days and did not change significantly 
thereafter in both patients with T1DM and patients with 
T2DM (Figure 3). This finding is in accordance with 
our previous study in healthy subjects.17 Almost 50% 
of the increase was observed during the first 24 hours 
after catheter insertion. Increased glucose detected in 
the microdialysate suggests that the glucose delivery 
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to the area around the catheter may have been initially 
depressed by the microtrauma of insertion and then 
increased over time, likely due to angiogenesis near the 
material–tissue interface. Previous studies in patients 
with T1DM who were treated with continuous sc insulin 
infusion pumps have shown faster absorption of injected 
insulin when the same infusion site has been in use 
continuously for several days.26,27 These results may 
indicate an increased blood flow, an increased capillary 
density, or changes in other factors that would increase 
transport around the infusion site. Other possible 
explanations for the increased glucose levels include 
increased catheter membrane permeability (though this  
is not likely since other analytes, e.g., pyruvate, did 
not increase during this time period) or decreased 
localized cellular uptake of glucose (also not likely, 
because the wound-healing environment may actually  
be hypermetabolic28).

Evaluating urea concentrations at the material–tissue inter- 
face can help elucidate glucose availability. Both glucose 
and urea are delivered to the tissue by the blood supply 
and are not produced in the sc tissue. Urea, unlike 
glucose, is not metabolized in sc tissue. In this study, 
urea increased similarly to glucose over the same period 
(Figure 2E), indicating enhanced capillary delivery. 
Increased angiogenesis in the wound‑healing stage around 
implanted materials has been well characterized.29,30 It is 
also a possibility that localized inflammation after insertion 
may have led to enhanced diffusion (e.g., increased 
interstitial space or increased permeability of capillaries), 
thereby increasing delivery of glucose and urea from  
the blood.

Metabolite Fluctuations Linked to Changes at 
Material–Tissue Interface
The levels of lactate at the catheter–tissue interface 
increased in both T1DM and T2DM over time. One possible 
explanation for this increase in lactate is insufficient 
oxygen delivery, creating a hypoxic state, which would 
increase lactate production; however, the lactate/pyruvate 
ratio did not significantly change over time, indicating an 
adequate local oxygen supply.31,32

Another explanation for the increased microdialysate 
lactate may be enhanced glucose availability and metabolic 
conversion to lactate in the wound-healing environment 
(e.g., healing of the microtrauma caused by catheter 
insertion) and infiltration and activation of immune cells 
such as macrophages as part of the inflammatory and 
foreign body response. As part of the localized wound-
healing and inflammatory response, macrophages have 

heightened metabolic activity, and it has been shown that 
activated macrophages in wounded areas can produce  
extremely high levels of lactate.33,34 These findings have 
ramifications for implanted lactate sensors since localized 
lactate measurements over the first week after implantation 
may be more representative of localized inflammation  
and foreign body response than overall body chemistry.

It is known that tissue remodeling via inflammatory 
cell infiltration, extracellular matrix deposition, and 
angiogenesis occurs over a period of days to weeks, 
and so it is not unexpected that metabolites at a sensor–
tissue interface may not be stable during this process of  
repair after sensor implantation. Previous studies have 
demonstrated a causal link between tissue environment 
and sensor performance.35 For example, Dungel et al.36 
showed the impact of the foreign body capsule on 
degrading sensor performance over time. Cunningham 
and Stenken7 found improvement in signals from sensor 
near angiogenic growth inspired by vascular endothelial 
growth factor release. Koschwanez and colleagues37 
showed other factors likely effect sensor performance 
such as micromotion, which influences the local 
inflammatory response.

Klueh et al.35 showed that mast cells play a critical role 
in influencing glucose sensor function over time. To shed 
more light on the localized tissue changes around 
the implanted microdialysis catheters, we preformed 
a histological analysis in one healthy subject. Indeed, 
we observed increased amount of inflammatory cells 
at one week and an increased number of capillaries 
in close proximity to the microdialysis membrane, 
suggesting increased angiogenesis and recruitment of 
inflammatory cells around the catheters. The immune  
response observed histologically in this study in healthy 
human tissue may have a different time course or 
magnitude compared to DM tissues due to the increased 
number of sc macrophages, slower wound healing, and 
microvascular angiopathy known to exist in diabetic 
states. Nevertheless, this first histological evaluation of 
human tissue adjacent to a functional glucose monitor 
helps reveal changes that have previously been characterized  
only in animals.

Differences in the Material–Tissue Interface in 
Patients with Diabetes Mellitus versus Healthy 
Volunteers
Tissue factors affecting analyte transport into implanted 
sensors can be categorized as follows: (1) physical factors 
that affect the rate of diffusion (e.g., capsule formation), 
(2) vascular factors that affect the supply and/or removal, 
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and (3) metabolic factors that affect cellular consumption 
or production. It is known that the DM disease state is 
associated with impaired microvasculature and wound 
healing,19–21 and hyperglycemia impairs the proliferation 
and adhesion of fibroblasts, key players in wound 
healing.24 Therefore, the foreign body response and 
availability of analytes at a tissue–sensor interface may 
differ in the DM and healthy state.

In this study, we found the metabolite trends detected 
by microdialysis in patients with DM were generally 
similar to the metabolite trends observed in healthy 
volunteers in a previous study;17 however, there were 
some differences. As expected, due to the tendency toward 
hyperglycemia in DM, we observed higher levels of 
capillary and microdialysate glucose in patients with DM 
compared to the healthy subjects previously studied.17 
The microdialysate urea levels were also higher in 
patients with DM compared to the healthy volunteers. 
Urea is a byproduct of protein degradation, which is 
known to be inhibited by insulin. Therefore, the state 
of insulin deficiency or insulin resistance likely leads to 
higher levels of systemic urea, which are detected in the 
peripheral tissues by microdialysis.38,39 Pyruvate is the 
only metabolite that does not increase in patients with 
T1DM. The microdialysate pyruvate levels in patients 
with T1DM are similar to the levels in healthy subjects 
(p = .710, ANOVA repeated measure). The pyruvate 
level in healthy subjects studied previously was stable 
during the first seven days after catheter implantation, 
and the increase in pyruvate levels reported previously 
occurred on the last day of the study.17 Type 1 diabetes 
mellitus is a state of insulin deficiency, even when the 
patients are on multiple daily insulin injection regimes.  
A hypermetabolic state demands higher local insulin 
levels for glucose uptake in the cells. If the local insulin 
levels are not adequate, which may be the case in 
patients with T1DM, the glucose uptake into the cell 
cannot be increased and the pyruvate levels will not 
increase as well.

In patients with T2DM, but not T1DM, we observed 
higher levels of glycerol compared to healthy subjects 
previously studied.17 Glycerol is a byproduct of fat degra-
dation (lipolysis). These results are most likely indicating 
insulin resistance in sc adipose tissue in T2DM, as insulin  
is known to be a potent antilipolytic hormone.40,41

Differences in the Material–Tissue Interface in Type 
1 Diabetes Mellitus versus Type 2 Diabetes Mellitus 
The pyruvate levels in patients with T2DM were 
significantly higher compared to patients with T1DM. 

Pyruvate is an intermediate of glucose breakdown 
(glycolysis). Pyruvate is transported into the mitochon-
dria to enter the citric acid cycle for production of 
adenosine‑5’‑triphosphate (Figure 1). Therefore, we hypo-
thesize that higher pyruvate levels observed in patients 
with T2DM may be explained by mitochondrial 
dysfunction known to be present patients with T2DM.42–45

The lactate levels were higher although not significantly  
in patients with T2DM compared to patients with T1DM. 
This may be explained by the higher levels of pyruvate 
in T2DM. Increased levels of macrophages in adipose 
tissue in patients with T2DM has been reported23,46 and 
is perhaps another reason for the directionally higher 
microdialysate lactate concentrations in T2DM subjects.

Interestingly, variability of metabolites in the T2DM group 
was clearly higher than in the T1DM group for all 
metabolites except glucose (Figure 2). Glucose in the 
T1DM group showed more person-to-person variability  
than in T2DM due to poorer control (e.g., higher observed 
variability in blood glucose measurements from person-
to-person in the T1DM group). Therefore, we would expect 
other metabolites to fluctuate more in the T1DM group 
compared to T2DM (especially those metabolites that 
are byproducts of glycolysis), but in fact, we observed 
the opposite. The reason is not entirely clear for the 
high person-to-person variability in T2DM, but we 
hypothesize that there is a wide spectrum of insulin 
resistance and adipose macrophage density47–49 that gives 
rise to the relatively high person-to-person variability 
observed in microdialysis metabolites in T2DM.

Limitations and Future Studies
One limitation of this study was the lack of systemic 
blood data for the various metabolites, except glucose. 
Future extensions of this work will plan for clinical 
chemistry measurements for all metabolites. Another 
limitation was the inherent biological variability. Some 
analytes were found to be significantly different between 
groups, but others appeared only directionally higher. 
Larger sample sizes would be desirable; nevertheless, 
some interesting conclusions could be drawn on the 
provided data. Finally, the biopsies for histology were 
only collected as supplemental data. A future study that 
would allow each biopsy to be assessed quantitatively 
(e.g., proximity of capillaries, capillary density, fibrous 
capsule thickness, and immune cell type) and to be 
related to the metabolite data from each specific catheter 
would help provide a better understanding of the relation 
of tissue structure/composition and sensor function.  
In addition, immunohistochemical analysis of cell type 
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and location (e.g., mast cells and macrophage typing) 
and analysis of microdialysate for inflammatory markers 
(e.g., mast cells marker trypas or chymases) would be 
desirable to increase our knowledge of the inflammation 
and cellular activity around the microdialysis catheter or  
a glucose sensor.

Conclusion
This article advances the understanding of the human 
foreign body response that contributes to the difficulty of 
long-term glucose monitoring. The flux of glucose to and 
through the material–tissue interface increased over the  
first few days, and changes were not significant thereafter.  
Almost 50% of the increase was observed during the first 
24 hours after catheter insertion, indicating that glucose 
measurements taken directly after sensor insertion will 
be greatly affected by the localized trauma. Trends in 
glucose flux (increasing and then plateau) were similar 
over one week in T1DM and T2DM. This trend was 
similar to that previously measured in healthy subjects, 
indicating that the longevity of glucose sensors can 
be adequately studied in healthy volunteers over one 
week. Other metabolites differed between T1DM and  
T2DM, indicating physiological processes such as wound 
healing and metabolic activities at the sensor–tissue 
interface may be different in the two patient groups. 
Also, changes in other analytes over time indicated that 
the tissue at the tissue–sensor interface is not, in fact, 
stable over one week, as might be assumed from the 
plateau reached by glucose. This has ramifications for 
the interpretation of data from in vivo metabolite sensors 
other than glucose sensors. We propose explanations for 
the specific observed differences based on differential 
inflammatory responses, insulin resistance, and mito-
chondrial dysfunction in T1DM versus T2DM.
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