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Continuous glucose monitor (CGM) readings are delayed
relative to blood glucose, and this delay is usually attrib-
uted to the latency of interstitial glucose levels. However,
CGM-independent data suggest rapid equilibration of
interstitial glucose. This study sought to determine the
loci of CGM delays. Electrical current was measured
directly from CGM electrodes to define sensor kinetics
in the absence of smoothing algorithms. CGMs were
implanted in mice, and sensor versus blood glucose
responses were measured after an intravenous glucose
challenge. Dispersion of a fluorescent glucose analog
(2-NBDG) into the CGM microenvironment was observed
in vivo using intravital microscopy. Tissue deposited on
the sensor and nonimplanted subcutaneous adipose
tissue was then collected for histological analysis. The
time to half-maximum CGM response in vitro was 35 +
2 s. In vivo, CGMs took 24 + 7 min to reach maximum
current versus 2 = 1 min to maximum blood glucose (P =
0.0017). 2-NBDG took 21 = 7 min to reach maximum
fluorescence at the sensor versus 6 = 6 min in adipose
tissue (P = 0.0011). Collagen content was closely corre-
lated with 2-NBDG latency (R = 0.96, P = 0.0004). Diffu-
sion of glucose into the tissue deposited on a CGM
is substantially delayed relative to interstitial fluid. A
CGM that resists fibrous encapsulation would better
approximate real-time deviations in blood glucose.

Continuous glucose monitor (CGM) readings can lag be-
hind blood glucose by as much as 20 min, and this delay
limits their use as a stand-alone glucose-monitoring tech-
nology (1). In laboratory settings, glucose oxidase sensors
can record fluctuations in glucose concentration with
millisecond-scale time resolution (2), thus raising the

question of why CGM readings are so delayed. Substan-
tial efforts have been made to identify the sources of
CGM latency using an indirect approach (3). By subtract-
ing known sources of delay from the observed total, these
analyses have generally concluded that the physiological
latency of interstitial glucose concentration is a major
contributor to CGM delays and that the remainder of
the delay is largely caused by CGM smoothing algo-
rithms. A significant role for interstitial glucose latency
is further supported by microdialysis and lymphatic
measurements indicating a significant delay between
blood and interstitial glucose concentrations (4,5). Be-
cause of these findings, interstitial glucose latency as
a limitation in CGM technology has generally been taken
for granted.

However, claims of a sizable delay in the equilibration of
glucose between blood and interstitial fluid contrast mark-
edly with data from integrative physiology studies suggest-
ing rapid glucose dispersion into the interstitium (6-8).
Glucose exhibits a sizable arteriovenous concentration
difference (7), and capillary transit time is on the order
of 1-3 s (9). These data suggest blood and interstitial
glucose must equilibrate within seconds. Furthermore,
direct measurements of glucose diffusion in human tissues
suggest an in vivo diffusion rate of >100 Mmz/s (8),
whereas capillary densities in human adipose tissue and
muscle are generally on the order of ~200-300 capillaries/
mm? (10,11), corresponding to a diffusion radius of
~70 pwm. Analysis from first principles therefore further
supports the notion of glucose equilibration on the order
of seconds rather than minutes. Such incongruities in
estimates of time required for glucose efflux from capil-
laries do not necessarily stem from methodological
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differences. Interstitial glucose delays inferred from lym-
phatic measurements range from nearly immediate
to >5 min (5,6) despite similar data and superficially
similar analysis assumptions.

An additional parameter that may reconcile results in
CGM studies with those in integrative physiology con-
texts is that CGMs experience a robust foreign body
response (12,13). This effect is most often discussed
as a functional limitation for long-term implantation
of CGMs. However, fibrosis and gene expression profiles
consistent with hypoxia are observed within 3 days of
sensor implantation (14), suggesting that the dispersion
of oxygen and nutrients into the CGM microenvironment
is impaired within days. Much of the research concerning
the effects of the foreign body response on CGM accuracy
has focused on cellular and biochemical effects that in-
terfere with detection of glucose by glucose oxidase
(15-17). However, foreign body capsules have been
shown to slow the diffusion of interstitial solutes (18),
and this effect has been postulated to delay the arrival of
glucose in the CGM microenvironment (19). That said,
the magnitude and functional importance of this effect
within the time frames characteristic of commercial CGM
usage are currently unknown, and the high rate of glucose
diffusion observed in vivo may render foreign body re-
sponse-induced delays negligible relative to those caused
by smoothing algorithms and genuine interstitial latency,
among others. Furthermore, it is unclear whether puta-
tive delays caused by fibrous encapsulation of the sen-
sor could take effect early enough after implantation
to meaningfully influence results with contemporary
CGMs, which are typically implanted for no more than
2 weeks.

This study addresses the hypothesis that glucose fluc-
tuations in the CGM microenvironment are delayed rela-
tive to blood glucose primarily as a result of fibrous
encapsulation of the implanted sensor. To isolate delays
in glucose exposure from delays caused by smoothing
algorithms, we disassembled the sensor and took readings
directly from the electrodes every second both in vivo and
in vitro. To determine whether in vivo responses were
delayed due to genuine delays in local glucose concentra-
tions as opposed to other unknown interactions between
the sensor and tissue, we used a fluorescent glucose an-
alog (2-NBDG) (20) to directly visualize the dispersion of
glucose using intravital fluorescence microscopy. 2-NBDG
kinetics were then compared between the sensor micro-
environment, nonimplanted subcutaneous adipose tissue,
and skeletal muscle to define the excess delay in the sensor
microenvironment. Collectively, these experiments seek to
provide a comprehensive framework describing the de-
livery of glucose to the membrane of an implanted CGM.
This information will identify sources of latency and the
barriers necessary to make the use of CGM as a stand-alone
system for glucose monitoring in patients with diabetes by
identifying the causes of inaccuracies and latency of CGM
readings.
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RESEARCH DESIGN AND METHODS

Sensors

Dexcom G4 CGMs were used for this study. The Dexcom G4
transmitter provides one reading every 5 min, whereas the
hypotheses of this study required sampling on the order of
seconds. Therefore, sensors were disassembled to expose
their working and reference electrodes (Fig. 1), which were
connected to the leads of a CHI 1440 potentiostat (CH
Instruments) to provide 1 Hz measurements of sensor
current. The Dexcom G4 is designed for 7 days of use
but is often used for up to 14 days (21). Therefore,
in vivo experiments were performed 7-13 days after sensor
implantation to reflect clinically relevant conditions.

Animals

The study used C57Bl/J6 wild-type male mice at 8 weeks of
age. Mice (n = 10 mice) were implanted with indwelling
jugular vein catheters 1 week before in vivo sensor testing
(22). CGMs were implanted after blunt dissection of the
dorsal subcutaneous space as part of the catheterization
surgery. Mice were then returned to the colony for 1 week,
at which time they were weighed to ensure recovery to
within 10% original body weight. Sensor and blood glucose
responses to an intravenous glucose challenge (1 g/kg)
were then recorded. Finally, mice underwent intravital
microscopy experiments 13 days after CGM implantation
to visualize the dispersion of a fluorescent glucose analog,
2-NBDG (20), in the sensor microenvironment and adja-
cent non-CGM-implanted subcutaneous adipose tissue.
An additional eight mice underwent similar intravital
microscopy experiments to visualize 2-NBDG dispersion
in skeletal muscle. Mice were sacrificed by cervical dislo-
cation after intravital microscopy, and tissues were col-
lected for histological analysis. All procedures were
performed under isoflurane anesthesia. The Vanderbilt
University Animal Care and Use Committee approved
the experiments.
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Figure 1—lllustration of disassembled glucose sensor. Sensors
were disassembled to expose the sensor electrodes for unpro-
cessed readings of sensor current. The Dexcom G4 uses a two-
electrode configuration with working and reference electrodes, as
indicated in the above illustration.
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In Vitro Sensor Testing

To determine the intrinsic kinetics and signal quality of the
sensor, four disassembled CGMs were tested in vitro. First,
the baseline sensor current was defined by being incubated
in 2 mmol/L PBS with 120 mmol/L KCl for 5 min. The
sensor was then successively moved to solutions contain-
ing increasing concentrations from 5 to 25 mmol/L glucose
in increments of 5 mmol/L. An incubation time of 5 min
was used for each concentration to allow sensor current to
reach steady state. The potentiostat was held at 0.6 V
versus reference, and current values were recorded at 1 Hz
for the duration of the experiment.

The average current in the last 30 s at each glucose
concentration was used to create a dose-response curve for
each sensor. The approach from one steady-state value to the
next was fit to a single exponential decay to calculate the rate
of sensor response using the natural log of current to linearize
the transient portion of the curve, as shown in Egs. 1-3, thus
yielding six independent kinetics measurements (one per so-
lution tested) per sensor. Because the time to half-maximum
(Tsp) current proved to be highly consistent within each
sensor (=5 s) and did not vary with glucose concentration,
measurements were averaged to yield a value for each sensor.

y:e—k*T [1]
0.5=e *T0 & In(0.5)= — k*Tx [2]

k
In(0.5)

Tso= — (3]

In Vivo Sensor Testing

After sensor kinetics in vitro were determined, CGM re-
sponse was compared with the blood glucose response after
an intravenous glucose challenge in vivo. Mice were fasted for
5 h and then anesthetized using isoflurane (dose of 2% at
200 mL/min for induction, 1.5% at 80 mL/min for mainte-
nance) to mitigate mechanical disturbances of the sensor or
potentiostat leads. Sensor current was recorded every 5 min
until it stabilized for at least 15 min. Subsequently, mice
received intravenous infusions of 1 g/kg dextrose (Hospira).
Tail blood glucose was tested every minute for the first
10 min after the injection and then every 5 min until
30 min after the injection. Meanwhile, sensor current was
recorded at 1 Hz throughout the entire 30-min time course.
The average sensor current in the 30 s before each blood
glucose sample was used to obtain CGM values time matched
to blood glucose measurements. Because sensor current was
subject to major, unpredictable deviations in vivo, the median
was used to define the 30 s average rather than the mean to
mitigate the influence of individual outliers.

Intravital Microscopy

Intravital microscopy experiments were performed in
fasted mice 6 days after in vivo sensor response testing
(day 13 after CGM insertion) to observe the dispersion of
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a fluorescent glucose analog, 2-NBDG (20), into the sensor
microenvironment and non-CGM-implanted subcutane-
ous adipose tissue, which was used for comparison. Mice
were anesthetized using isoflurane, as described in the
previous section, and the skin above the implanted sensor
was trimmed away to expose the sensor and surrounding
subcutaneous adipose tissue. Exposed tissue was placed
flush against a glass coverslip immersed in isotonic saline,
similar to our previously published techniques for skeletal
muscle visualization (22,23). Body temperature was main-
tained at 37°C using an infrared heating blanket and
temperature probe (Kent Scientific). Mice were equili-
brated on the microscope stage for 15 min before imaging
to ensure a stable physiological baseline.

Visualization of 2-NBDG dispersion was performed
using a spinning disc microscope (Nikon Instruments)
equipped with a Yokogawa CSU-X1 spinning disk head,
an Andor DU-897 electron multiplying charge-coupled
device (EMCCD) camera, and a Plan Apochromat Lambda
20X objective (0.75 numerical aperture, 0.65 pm pixel
size). A 488-nm (16.25-mW) laser diode with 70 ms
exposure time was used to excite 2-NBDG fluorescence.
Images were captured at 4.72 frames/s for the first 45 s
after intravenous 2-NBDG injection to provide high time
resolution for initial influx of 2-NBDG, after which images
were captured at 1 frame/s for an additional 30 min. This
procedure was performed sequentially at the sensor and
in adjacent, nonimplanted subcutaneous adipose tissue for
each mouse. The order of acquisition (i.e., adipose first vs.
sensor first) was randomized to prevent confounding
effects of differing time under anesthesia, residual
2-NBDG fluorescence, etc. A dose of 2.5 pg 2-NBDG in
50 pL saline was used for each acquisition, yielding a total
of 5 g 2-NBDG with 100 pL injection volume.

Whole field of view 2-NBDG fluorescence was normalized
within each time series to a starting value of 0 and a max-
imum of 1, and the Tsy and time to maximum 2-NBDG
fluorescence were recorded. In addition to sensor and sub-
cutaneous adipose tissue images, 2-NBDG dispersion in
skeletal muscle was visualized in a separate cohort of
mice (n = 8) to provide values for comparison of interstitial
latency in muscle versus subcutaneous adipose tissue.

Histological Analysis

Upon dissection, sensors were noted to be coated in fibrous
deposits. The sensor wire was cut free from the electrode
housing and dissected out with deposited tissue intact.
Sensor deposits, along with adjacent non-CGM-implanted
subcutaneous adipose tissue, were fixed in formalin. All
samples were subsequently sent to the Vanderbilt Trans-
lational Pathology Shared Resource, where they were em-
bedded in paraffin, cut into 5-pum sections, and stained with
hematoxylin-eosin and Masson trichrome. Stained sections
then underwent whole-slide imaging in the Vanderbilt
Digital Histology Shared Resource. Collagen content was
assessed by fraction of total tissue stained positive for
Masson trichrome as detected using Leica Biosystems.
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Statistics

All statistics were performed using GraphPad Prism soft-
ware (GraphPad Software). Comparisons within the same
mouse were performed using paired t tests, and compar-
isons between mice were performed using unpaired t tests.
Departure from a normal distribution was assessed for
each variable using the D’Agostino and Pearson omnibus
normality test. No distributions were found to be signif-
icantly nonnormal (all P = NS). Correlations were assessed
using Pearson R, and goodness of fit was assessed using R.
Statistical significance is reported using precise P values
unless P < 0.0001. Data are presented as mean * SD
unless otherwise noted.

RESULTS

In Vitro Sensor Testing

In vitro sensor testing results are shown in Fig. 2. Sensor
current rapidly changed in response to glucose concentra-
tion (Fig. 2A). Current amplitude increased (i.e., became
more negative) with increasing glucose concentration.
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Large deviations in electrical signal resulting from han-
dling of the sensor (visible as spikes between successive
glucose concentrations in Fig. 24) were excluded from
analysis and were observed to be large relative to intrinsic
instrument noise. Steady-state current was linear with
respect to glucose concentration (Fig. 2B). The equilibra-
tion of sensor current upon transitioning from one glucose
concentration to the next was well described by a single-
exponential fit (Fig. 2C). Compiled results are shown in Fig.
2D. Individual sensors were highly variable in their sen-
sitivity to glucose, with maximum steady-state currents
ranging over an order of magnitude. However, all sensors
showed a linear relationship to glucose concentration
(R?> = 0.97), and all had a Ts, within 3 s of 35 s (time
constant ~50 s), indicating substantial consistency in
sensor accuracy and kinetics.

In Vivo Sensor Testing
Results from in vivo sensor testing are summarized in Fig.
3. The raw CGM signal in vivo exhibited substantial noise,
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Compiled Results

Max Current | Dose Response Fit | Time to Half-

Sensor (A) (R?) Max (s)

1 -5.93E-09 0.97 34.69

2 -6.03E-10 1.00 32.47

3 -8.69E-10 0.98 37.18

4 -2.47E-09 0.97 37.29
Mean | -2.47E-09 0.98 35.46
Range | 5.33E-09 0.02 4.82
StDev | 2.45E-09 0.01 2.30

Figure 2—In vitro sensor testing. A: Representative plot of raw sensor current vs. time. Current increases in amplitude (i.e., becomes more
negative) in response to increasing glucose concentration. When the glucose concentration changes abruptly, the sensor current decays
exponentially toward a new steady state. Handling of the sensor between samples caused large, brief deviations in current. B: A dose-
response curve was generated for each sensor by plotting a 30-s average of sensor current vs. glucose. C: The Tso sensor response was
determined for each glucose value in each sensor by plotting the log of the difference between transient current and steady-state current
against time. Tsg is then calculated from the slope of the resulting line. D: Table of results for individual sensors. Amplitude of the glucose
response was highly variable, but the dose response was consistently linear, and the T5q of the sensor response was consistently ~35 s.
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Figure 3—In vivo sensor testing. A: Picture of experimental setup. Sensors were implanted below the skin on the mouse’s back, and sensor
response was recorded after an infusion of dextrose into an indwelling jugular vein catheter. B: Example of raw in vivo CGM signal. Noise is
substantially greater than in vitro, but electrochemical noise was minor relative to disturbances caused by handling of the mouse while
checking blood glucose. C: Blood glucose levels peaked within 1-2 min after the intravenous dextrose infusion and then gradually declined
for the remainder of the 30-min experiment. D: CGM current gradually increased throughout the duration of the experiment, plateauing at

~20 min. Dashed lines in C and D represent 95% Cls.

but current still increased from baseline in response to
increases in blood glucose (Fig. 3B). Signal disturbances
caused by handling of the mouse when testing blood
glucose were large relative to baseline noise. Blood glucose
peaked within 2 * 1 min after the intravenous infusion of
dextrose and thereafter gradually declined (Fig. 3C, lines
represent mean and 95% Cls). In contrast, sensors re-
quired 24 * 7 min to reach maximum current (P =
0.0017) and remained elevated throughout the duration of
the experiment (Fig. 3D, lines represent mean and 95%
CIs). This substantive peak-to-peak delay was produced by
a Tsg of just 7 = 3 min.

Intravital Microscopy

Intravital microscopy results are summarized in Fig. 4.
Representative images of 2-NBDG fluorescence with re-
spect to time are shown in Fig. 4A. Fluorescence in the
subcutaneous adipose tissue increased rapidly, reaching
maximum within 6 = 6 min (Fig. 4B, lines represent mean
and 95% Cls). By comparison, fluorescence in the sensor
microenvironment increased slowly, requiring 21 = 7 min
to reach maximum (P = 0.0011) (Fig. 4C, lines represent

mean and 95% Cls). Time to maximum in each tissue
exhibited significant variability (e.g., coefficient of varia-
tion of 100% in adipose tissue) due to the ambiguity in
defining the peak in a long plateau of fluorescence. As-
sessment of Tsy was less variable and allowed for direct
comparisons to skeletal muscle. Tsy (Fig. 4D) was signif-
icantly greater (P = 0.0008) in the sensor microenviron-
ment (3.8 * 1.8 min) than in non-CGM-implanted
subcutaneous adipose tissue (0.8 = 0.9 min), which in
turn was significantly delayed (P < 0.0001) relative to
skeletal muscle (1.9 = 0.5 s).

Histology Results

Histology results are summarized in Fig. 5. The gross
morphology of the tissue deposited on CGMs was notably
different from adjacent, non-CGM-implanted subcutane-
ous adipose tissue (Fig. 54). The sensor wire insertion site
was visible as a hollow channel through the deposited
tissue. Collagen content was assessed using the percentage
of total cross-sectional area of the tissue stained positive
for Masson trichrome and was significantly increased in
sensor deposits (P = 0.0018) (Fig. 5B). Collagen content
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Figure 4—In vivo imaging of 2-NBDG dispersion. A: Representative images of 2-NBDG fluorescence in the sensor microenvironment and
nonimplanted subcutaneous adipose tissue shows a substantial delay in the dispersion of 2-NBDG to the sensor site. Magnification x4.
B: Time course of 2-NBDG fluorescence in the sensor microenvironment shows a gradual increase, followed by a plateau beginning
~15 min postinjection and lasting for the remainder of the experiment. C: Time course of 2-NBDG fluorescence in nonimplanted
subcutaneous adipose tissue shows a rapid increase postinjection, followed by an ~10-min plateau and then a gradual decline. AU,
arbitrary units. D: Comparison of T5sq 2-NBDG fluorescence after injection in the sensor microenvironment, subcutaneous adipose tissue, and
skeletal muscle shows statistically significant (P < 0.05) differences between each compartment. Error bars represent 95% Cls.

was closely correlated with the Tso of 2-NBDG fluorescence
in vivo (R = 0.96, P = 0.0004) (Fig. 50).

Data and Resource Availability

The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request.

DISCUSSION

This study investigated the dispersion of glucose in the
CGM microenvironment and found that fibrotic encapsu-
lation of the implanted sensor is the dominant source of
CGM latency in vivo. A time course of the events that must
occur for changes in plasma glucose to be reflected in CGM
signal is illustrated in Fig. 6. These findings are in direct
contrast with the hypothesis that CGMs measure physi-
ological interstitial glucose levels (24) and they cannot be
accounted for by algorithmic latency, which was excluded
in this study by taking high-frequency current measure-
ments directly from the sensor electrodes. In vivo CGM
responses after an acute blood glucose excursion were
comparable to the kinetics of 2-NBDG equilibration into
the sensor microenvironment (compare Figs. 2D and 3C),
and the observed delay in 2-NBDG dispersion far exceeded
time required for 2-NBDG to equilibrate into skeletal
muscle or non-CGM-implanted subcutaneous adipose

tissue. These results are consistent with previous reports
showing that substrate diffusion barriers in foreign body
capsules can be predicted from the volume occupied by
fibrotic tissue masses (18). In contrast to this previous
work, the current study used a commercial CGM with
a clinically relevant duration of implantation and a fluo-
rescent contrast agent with maximal biophysical similarity
to glucose. In this model system, we observed that the time
required for 2-NBDG equilibration was closely correlated
to collagen content in tissues excised for histological
analysis.

These results support the conclusion of Steil and col-
leagues (3), whose analyses of CGM latency predicted that
CGM glucose exposures lag blood glucose with a time
constant of 5-10 min. This estimated delay is comparable
to the ~6 min required to reach Ts, 2-NBDG fluorescence
in the current study, thus affirming clinically relevant
conditions in the current study and robust analysis
assumptions in previous works addressing this topic
(3,5,25-28). However, the results of the current study
also suggest that the normal physiological latency of
glucose dispersion into the interstitial fluid of CGM-
accessible tissues is not the primary source of this delay.
Considering the relative time required for 2-NBDG equil-
ibration in skeletal muscle, subcutaneous adipose tissue,
and the CGM microenvironment we observed (Fig. 4D),
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Figure 5—Histological differences between tissue deposited on the sensor and normal subcutaneous adipose tissue. A: Representative
images of hematoxylin-eosin (H&E) (top) and Masson trichrome (bottom) in tissue deposited on the sensor (left, hollow space left by removal
of sensor) and nonimplanted subcutaneous adipose tissue (right). Scale bar applies to both the right and left images. B: Collagen content as
assessed by percentage of total tissue stained blue by Masson trichrome is significantly greater (P = 0.0018) in sensor deposits than in
nonimplanted subcutaneous adipose tissue. Error bars represent 95% Cls. C: Among samples for which both histology and in vivo 2-NBDG
dispersion data were available, collagen deposition was significantly correlated (R = 0.96, P = 0.0004) with T5o 2-NBDG fluorescence.

real-time measurement of interstitial glucose would repre-
sent a marked improvement over contemporary CGM tech-
nologies. Furthermore, a 5- to 10-min time constant
between blood glucose and CGM readings may underesti-
mate the patient-perceived delay (e.g., when monitoring
blood glucose for signs of insulin absorption after injection),
as evidenced by the =20-min peak-to-peak delay in the
current study despite a ~7 min Tso. The choice to include
both Tsg current and peak-to-peak delay in this report was

Time Course of Plasma Glucose to CGM Detection

Equilibration with adipose
interstitium (~1 min)

Diffusion into foreign Reaction with sensor
body capsule (~5 mins) membrane (~35 s)

0 2 4 6
Time to Half-Maximum (minutes)

y

Figure 6 —Time course of plasma glucose to CGM detection. Before
deviations in circulating glucose can be detected by the CGM,
glucose must equilibrate between capillary blood and the adipose
interstitium (~1 min to Tsg), diffuse into the foreign body capsule
surrounding the CGM wire (~5 min to T5g), and react with the sensor
membrane (~35 s to T5g). More than 80% of the resulting delay
between blood glucose and CGM readings is accounted for by
fibrous encapsulation of the implanted CGM.

thus designed to illustrate both the technically well-defined
and the clinically relevant delays in CGM readings.

This distinction between normal interstitial fluid and
the CGM microenvironment has several important impli-
cations for clinical diabetes research. First, CGMs have
occasionally been used as a tool to investigate the kinetics
of the interstitial compartment (24,26,27,29), and such
studies may substantially understate the rate of glucose
exchange between blood and interstitial fluid. This is
especially true when using commercially available CGM
systems, which include smoothing algorithms to mitigate
sensor noise (28). Although it has been suggested that the
interstitial fluid sampled by CGMs may better reflect the
exposures of key metabolic organs (e.g., brain and muscle)
than blood glucose (5), the results of the current study
indicate that blood glucose is more representative. Finally,
these data show that the theoretical lower bound for CGM
latency sensing blood glucose is near-zero. With an in-
tramuscular insertion site, a CGM that evades the foreign
body response could plausibly achieve functionally real-
time measurements of blood glucose even without algo-
rithms to correct for the time delay.

Realization of this potential would also require strate-
gies to mitigate sensor noise to alleviate the requirement
for smoothing algorithms, which can contribute to the
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total delay in CGM readings relative to blood glucose (28).
Although the current study was not specifically designed to
capture these effects, it was visually evident that devia-
tions in sensor current resulting from mechanical distur-
bances (e.g., moving of the sensor, handling of the mouse,
etc.) were very large relative to steady-state sensor noise
(see Figs. 14 and 2B). Considerable progress has been made
in the development of algorithms to improve CGM signal
processing (30-32), and numerous studies have investi-
gated cellular/biochemical determinants of CGM signal
quality (15-17,19,33,34). However, mechanical disturban-
ces seem to have been largely overlooked as a determinant
of CGM signal quality. Observations from the current
study suggest that the mechanical design of the sensor
may be critical for noise mitigation by serving to limit
mechanical disturbances at the sensor-electrode and
electrode-transmitter interfaces.

These findings also support the premise that fibrosis
may hinder glucose diffusion in vivo in other contexts.
Extracellular remodeling, including fibrosis and collagen
deposition, can occur with insulin resistance in tissues,
including skeletal muscle (35), liver (36), and adipose
tissue (37). Studies addressing the causality of fibrosis
in insulin resistance typically focus on the role of molecular
signaling events that govern cellular interactions with the
extracellular matrix (38). However, the close association
between 2-NBDG latency and collagen content observed in
the current study would suggest that collagen deposition
may present a biophysical impediment to the dispersion of
glucose to insulin-sensitive tissues. Relationships between
fibrotic tissue and solute diffusion similar to the current
study have been reported (18), suggesting that the asso-
ciation observed in this study is a reproducible conse-
quence of fibrosis.

Although the results of this study are consistent and
compelling, it is important to note that the CGM im-
plantation procedure was, by necessity, different in mice
than in humans. Likewise, fibrotic responses in mice may
differ from those in humans in a strain-dependent man-
ner (39). Any resulting differences in the initial injury
response could plausibly influence our results. However,
the delays observed in this study are similar to those
reported in humans (25), and histological differences in
the tissue surrounding an implanted CGM have also been
reported in humans (15). Moreover, the C57Bl/J6 mice
used for this study exhibit similar foreign body responses
to those observed in humans, and results obtained from
C57Bl/J6 mice have previously been consistent with
those obtained in nonhuman primates (39,40). Finally,
fibrosis surrounding implanted CGMs has also been
noted in rats, pigs, and dogs (12,41,42) and has been
noted as early as 1-3 days after insertion (14,42). Thus,
our findings generally recreate results from previous
studies, and the novel aspects of this study represent
a logical extension of the field.

The CGM itself is located within a surgical wound
regardless of implantation technique, and thus the only
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expected error in our analysis resulting from blunt dissec-
tion would therefore be to underestimate glucose equili-
bration into nonimplanted subcutaneous adipose tissue
adjacent to the sensor, which may have experienced excess
injury in this study relative to normal CGM implantation
procedures. If injury to the surrounding adipose tissue
influenced our results, the resulting fibrosis would
strengthen the core conclusions of this study, given that
the difference between adipose interstitium and CGM
microenvironment would thus be even greater without
fibrosis in nonimplanted adipose tissue.

An additional consideration is the dynamic processes of
tissue remodeling at the sensor insertion site and macro-
phage recruitment in the first several days after CGM
insertion. Newly implanted CGMs are exposed to a complex
milieu of blood, interstitial fluid, and infiltrating inflam-
matory cells. The consequences of these exposures have
been carefully addressed by previous works (19). The
current study was conducted using time points after the
transient period of dynamic healing because the duration
of this healing process is short and the response is het-
erogenous, dependent on the vascularization of the precise
site of insertion. The measurement of time lag to the
sensor site shortly after insertion will be complicated by
these factors. Fibrous encapsulation of implanted CGMs
has been demonstrated at 3 days after implantation (14),
and thus the foreign body capsule is present during most
of a typical 14-day window of implantation using contem-
porary CGMs (e.g., Dexcom G5, FreeStyle Libre, etc.). Thus,
the 7- to 13-day time frame used in the current study was
chosen to represent conditions most relevant to most of
the lifetime of an implanted CGM.

The key practical implication of these data is that >80%
of the latency with respect to blood glucose detection by
CGMs is due to fibrous encapsulation of the sensor.
Modifications to the CGM membrane that limit foreign
body or inflammatory responses, such as a dexamethasone-
eluting silicone collar or coating the sensor with a zwitter-
ionic polymer (33,34,43), hold promise not only for their
intended purpose of improving signal quality and sensor
longevity but also for improving the timeliness of glucose
readings. Beyond the CGM field, fibrosis-related impedi-
ments to glucose diffusion may also apply to other areas
relevant to diabetes and metabolism, including extracel-
lular matrix remodeling in insulin resistance.
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