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Abstract

Background: The physiologic delay in glucose diffusion from the blood to the interstitial fluid and instrumental factors
contribute to the delay between changes in plasma glucose (PG) and measurements made by continuous glucose monitors
(CGMs). This study compared the duration of this delay for three CGM:s.

Methods: A total of 24 healthy adolescent and adult subjects with type | diabetes wore three CGM devices simultaneously
for 48 hours: Dexcom G4 Platinum, Abbott Navigator, and Medtronic Enlite. The time delay between PG and CGM-estimated
plasma glucose (CGMG) was estimated by comparing time-shifted CGMG with reference PG taken every |15 minutes.

Results: The delay estimated by our approach was larger for the Navigator than for the G4 Platinum in adolescents (7.7
I.I versus 5.6 £ 0.9 min, P =.0396) and adults (10.9 £ I.I versus 8.1 £ 0.7 min, P = .0107). The delay was nominally longer
for the Navigator than for the Enlite in both the adolescent (7.7 + 1.1 versus 4.3 £ 1.0 min, P =.0728) and adult (10.9 + 1.1
versus 8.3 £ 0.9 min, P = .1 11) populations, but these differences were not statistically significant. There was no difference
in the delay between G4 Platinum and Enlite. Adolescents had shorter delays than adults for all three devices. There was a
significant correlation between longer delay and increasing age for the G4 Platinum and Navigator.

Conclusions: There are differences in the estimated PG to CGMG time delays between CGM devices in the same subjects.
The delay between PG and CGMG is smaller for adolescents than for adults. The PG—to—CGMG time delay is influenced by
both instrument and host factors.
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Most continuous glucose monitors (CGM) devices on the
market use an electrochemical sensor inserted subcutane-
ously so that it accesses the interstitial fluid (ISF) space to
measure glucose concentrations.! The CGM-estimated
plasma glucose (CGMG) is an estimate of the plasma glu-
cose (PG) made using measurements in the interstitial fluid
that are calibrated using PG. Physiologic time lag or equili-
bration time has been defined as the time required for the
movement of glucose from the vascular to the ISF space, and
has been estimated to be 5-6 minutes in healthy adults and
7-8 minutes in fasting patients with type 1 diabetes (T1D) by
direct measurement using a microdialysis catheter in the
abdominal subcutaneous space.”® As a result of this delay,
and the corresponding PG to CGMG time delay, calibrations
performed during periods when glucose is changing rapidly

can lead to persistent inaccuracy in CGMG measurements.
Instrumental factors can also create delay that is added to the
physiologic lag. It has been argued that delay caused by the
physiologic component is minimal compared to the instru-
mental component.® Both physiologic lag and sensor lag
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have the potential to adversely affect CGM accuracy, partic-
ularly during periods of rapidly changing glucose levels.” It
has been suggested that the effect of these delays on sensor
accuracy is not substantial when compared to other sources
of error,’ but this may depend on the CGM device used. In
devices with a large component of random error it might be
difficult to detect the effect of lag on accuracy separate from
these random errors.

We have estimated and compared the PG to CGMG time
delays corresponding to three different CGM devices,
the Dexcom G4 Platinum, Medtronic Enlite, and Abbott
Navigator, worn simultaneously by adult and adolescent
subjects with type 1 diabetes.

Methods

Experimental Protocol

The clinical protocol was approved by the Massachusetts
General Hospital and Boston University Human Research
Committees, and was previously described in detail.”®
During a study of automated glycemic regulation with a
bionic pancreas, twenty-four healthy volunteers (12 adoles-
cents, 12 adults) with type 1 diabetes each wore three CGM
devices simultaneously for 48 hours. The CGM devices used
in this study were the Abbot Navigator (Navigator), Dexcom
G4 Platinum (G4 Platinum), and Medtronic Enlite (Enlite)
(the sensor used in the 530G with Enlite sensor-augmented
pump). Approximately 24 hours before the start of the study,
the CGM sensors were inserted into the skin of the subject’s
abdomen and linked to their respective receivers. At the start
of the experiment an intravenous (IV) catheter was placed to
draw blood for reference PG sampling every 15 minutes with
the GlucoScout (International Biomedical), a point of care
device with laboratory-grade accuracy.” Approximately 24
hours after insertion the first calibrations were performed
according to the manufacturers’ instructions, except that
venous PG measurements were used instead of point-of-care
fingerstick measurements.

Additional calibrations were timed according to the man-
ufacturers’ instructions. If the CGMG did not meet the
International Organization for Standardization (ISO) 5197:
2003 numerical criteria for accuracy (>95% within 15 mg/dl
of reference <75 mg/dl or within 20% of reference >75 mg/
dl) compared to PG values obtained before breakfast and
dinner, then an extra forced calibration was performed.

PG to CGMG Delay Estimation

CGMG values were reported by the devices at 5-minute
intervals and were linearly interpolated between the reported
measurements to reflect the estimated values at 1-minute
intervals. These interpolated arrays (one for each subject)
were then offset in 1-minute increments relative to the refer-
ence PG values, the offset ranging from 0 to 30 minutes.

Each PG value was compared with the most closely tempo-
rally associated value from the interpolated CGM value
array. The point accuracy of each CGM in each subject for
each offset was measured in terms of the mean absolute rela-
tive difference (MARD), |CGMG — PG|/PG. This produced a
table of 31 MARDs for each subject for each of the 3 CGM
devices in each of 24 subjects (n = 12 for adults and adoles-
cents, respectively).

For each subject and CGM device the mean differences
between the absolute relative differences (ARDs) at each
time offset versus the reference ARD at zero offset was cal-
culated [mean AARD = (ARD offsetx) —(ARD offseto)]. The
mean AARDs for each subject were then averaged in the
adults and adolescent groups separately. The offset time at
which the mean AARD in these populations of subjects
reached a minimum provided an estimate of the time delay
for each CGM in that population.

The relationship between the PG and the CGMG is more
complicated than can be fully understood by time-shifting
the CGMG forward with respect to PG and identifying the
location of minimum differences between them. Indeed,
CGMG is a distorted version of PG and is not expected to
coincide with PG by a mere temportal shift.'"” However, the
simple methodology used here does allow us to estimate the
effective delay between PG to CGMG, and to note differ-
ences in the apparent delay between different CGM devices
systems in the same subject population and between different
subject groups using those same CGM devices.

The Wilcoxon signed rank test was used to compare the
estimated delay for the three CGM devices in both the ado-
lescent and adult populations, and the Wilcoxon rank sum
test was used to compare differences between estimated
delays for each CGM device in adolescents versus adults.

A bootstrapping technique was used to estimate the
degree of uncertainty of the estimated time delay using the
array containing each subject’s mean AARD at each offset
for each CGM. We used 100% sampling with full replace-
ment to generate 1000 bootstrap samples from the mean
AARD arrays to produce 1000 estimates of the offset that
was optimal in order to minimize the AARD in both popula-
tions. A mean optimal offset (an estimate of the delay) and
standard deviation were calculated for each CGM device in
each population. Linear regression analysis was performed
to determine if there was a relationship between subject age
and estimated delay in the combined population of both
adults and adolescents.

Results

Subjects

The mean age of the adult subjects was 45 + 14 (26-66) years
with a mean duration of diabetes of 27 + 15 (7-54) years and
a mean body mass index of 26 £ 3 (22-32) kg/m*.® The mean
age of the adolescents was 15 + 2 (12-18) with a mean



Sinha et al

Adolescent

&

Mean Delta ARD (%)
N L T I . - T

35

Delay (min)

epueG4 Platinum  =fl=Navigator ~ =sfe=Enlite

Adult

Mean Delta ARD (%)

Delay (min)

epumG4 Platinum  =lesNavigator ~ sse=Enlite

Figure 1. Effect of time shift on mean delta ARD (AARD). The
degree of time shift that led to a minimum mean AARD differed
between the three CGMs and in the two age groups. For the
adolescent group, the maximum AARD was —0.6% at 6 minutes
for the G4 Platinum, —1.0% at 8 minutes for the Navigator,

and —0.2% at 4 minutes for the Enlite. For the adult group, the
maximum AARD was —1.3% at 8 minutes for the G4 Platinum,
—2% at | | minutes for the Navigator, and —0.8% at 8 minutes for
the Enlite.

diabetes duration of 7 + 4 (2-13) years and a mean body mass
index of 22 + 3 (18-28) kg/m*.®

Estimated Delay

For each of the three CGM devices in both populations there
was a minimum in mean AARD at some time shift relative to
time 0, demonstrating that there was an apparent delay in
CGMGQ relative to PG (Figure 1, Supplemental Figure S1).
We defined the apparent delay as the time shift that led to the
minimum AARD, and this apparent delay differed between
the three CGMs and in the two age groups (Figure I,
Table 1). The apparent delay was larger for the Navigator
than for the G4 Platinum in both the adolescent (7.7 + 1.1
versus 5.6 £ 0.9, P =.04) and adult (10.9 = 1.1 versus 8.1 +
0.7, P = .01) populations, respectively (Table 1). The delay

was nominally longer for the Navigator than for the Enlite in
both the adolescent (7.7 £ 1.1 versus 4.3 + 1.0, P = .07) and
adult (10.9 + 1.1 versus 8.3+ 0.9, P=.1) populations, respec-
tively, but the differences were not statistically significant.
There was no difference in the delays between the G4
Platinum and the Enlite in either age group (P = .5 in adoles-
cents, P = .4 in adults). There was a statistically significant
difference in the delay between the adolescent and adult
populations for all of three CGM devices, with adolescents
exhibiting shorter mean delays by 31% for the G4 Platinum,
29% for the Navigator, and 48% for the Enlite (P = .02 for
each comparison) (Table 1).

Differences in Delay Between Subjects

There was a large variation in the estimated delay between
experiments for the same CGM device, with apparent delays
varying from a minimum of 0 minutes for two Enlite sensors
to a maximum of 16 minutes for one Navigator sensor
(Supplementary Figures 2-7). There was no significant cor-
relation between the delay for one sensor and that of another
sensor in the same subject (Supplementary Figures 8-13, P
values > .14). Subjects that had an unusually short or long
delay for one CGM did not necessarily have a similar dura-
tion of delay for the other CGM devices.

Age Versus Delay

Analysis of all 24 subjects’ ages versus their estimated delay
showed a significant correlation between longer apparent
delay and increasing age for the G4 Platinum and Navigator
(F statistic .04 for G4 Platinum, .03 for the Navigator) and a
similar relationship that was not statistically significant for
the Enlite (¥ statistic .1) (Figure 2).

Discussion

This study adds to the previous literature on the delay
between blood glucose and CGM-estimated plasma glucose
by evaluating the performance of three CGM devices when
simultaneously worn by the same subjects. Although we
used a very simple method of estimating the delay between
changes in PG and the CGMG, the design of our trial in
which each subject wore all three CGM devices allowed us
to separate out the component of the apparent delays that are
due to differences in the CGM systems. Our study included
two currently available CGM devices for which delay data
have not previously been reported, namely the G4 Platinum
and the Enlite. An additional novel feature of our study is the
analysis of adolescent versus adult populations.

We found that the estimated delay between PG and
CGMG was larger for the Navigator than for the G4
Platinum. There was a similar nominal difference between
the Navigator and the Enlite that did not reach statistical
significance. This is consistent with instrumental factors, in
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Table I. Estimated delay by sensor for adolescents and adults.

G4 Platinum G4 Platinum vs Navigator Navigator Navigator vs Enlite Enlite Enlite vs G4 Platinum
Mean % SD (min) P value Mean = SD (min) P value Mean = SD (min) P value
Adolescent 5.6 +0.9 .0396 78+ 1.0 .0728 43+1.0 5176
Adolescent vs
adult P value 02 02
Adult 8.1+07 .0107 108+ 1.0 113 83109 .3584
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Figures 2. Age vs time shift at nadir delay. Delay correction was most beneficial with increasing age for the G4 Platinum and Navigator.
The F statistic was significant for the G4 Platinum (.04, R* = .18) and Navigator (.03, R? = .20), but was not for the Enlite (.1, R* = .12).

addition to physiological factors, playing a significant role
in producing the measured delay.” We have reported previ-
ously that the G4 Platinum and the Navigator were more
accurate than the Enlite.” This is true despite the signifi-
cantly longer delay for the Navigator relative to the G4
Platinum and a nominally longer delay for the Navigator
relative to the Enlite. The maximal reduction in MARD that
could be achieved by time-shifting the Enlite data relative
to PG was 0.2% in the adolescent population and 0.8% in
the adult population, which is much less than the difference
in MARD between the Enlite and the more accurate G4
Platinum and Navigator CGM devices,” demonstrating that
factors other than delay have a larger effect on accuracy,
consistent with previous reports.”

A surprising, and to our knowledge novel, finding in this
study was that the adolescent subjects had shorter estimated
delays as a group relative to the adults, for all three CGM
devices evaluated. The delay correlated positively with
increasing age when all subjects were included in the analy-
sis. We previously found that accuracy was better in adoles-
cents than in the adults for both the Navigator and the G4
Platinum, although not for the Enlite.” This suggests that

aging of the skin may have a negative impact on equilibra-
tion of glucose between the blood and the interstitial fluid
and/or the ability of the CGM sensor to accurately measure
glucose in the interstitial fluid. However, our sample is not
large enough to perform multivariable analysis to isolate the
contribution of age relative to other factors that may influ-
ence delay or CGM accuracy. Finally, we found that different
CGM sensors did not behave more similarly in individual
subjects than they did in the age groups as a whole. This sug-
gests that the observed delays were more closely related to
general characteristics of the sensors themselves, differences
between individual sensors of the same type, local effects at
the site of insertion, and/or differences in the physiology
shared within the age groups, rather than differences between
individual subjects within the age groups that affected the
delay of all CGM devices similarly.

Although the delay has been shown to have an effect on
CGM accuracy, previous studies have disagreed regarding
the magnitude of the delay present and its effect on accuracy.
Zisser et al performed a post hoc analysis of the Dexcom
Seven System (a previous generation of the Dexcom CGM)
versus venous blood glucose.!" They found the time delay
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(lag) of the CGM to be 5.7 minutes and concluded that the
effect of time delay on sensor accuracy was not substantial.
Garg et al compared two CGM systems concurrently, the
Dexcom Seven System and the Abbot Navigator, and found
a time delay (lag) of 4.5 + 5 minutes for the Dexcom Seven
and 15 = 7 minutes for the Navigator,” consistent with the
longer delay for the Navigator versus the newer G4 Platinum
in this study. Leelarathna et al found the time delay of the
Navigator to be 12 minutes, and Kovatchev et al found the
Navigator delay to be 12.4 and 12.6 minutes in the two
simultaneously placed sensors.'>"* There have been no pre-
vious studies of delay for the G4 Platinum and the Enlite
CGM devices.

Possible sources of differences between reference PG val-
ues and CGM values include (1) errors in calibration of the
CGM; (2) errors in CGM measurement of glucose in the
interstitial fluid independent of calibration error; (3) errors in
measurement of reference PG; and (4) delay between changes
in glucose level in the blood and interstitial fluid environ-
ments. Differences in sensor chemistry between CGM
devices, and in the algorithms that convert the voltage signal
from the CGM sensor to an estimate of blood glucose, may
contribute to the delay between changes in PG and CGMG .
This functional delay will be in addition to any true physio-
logic delay of glucose equilibration between these two com-
partments. Our finding that the sensor with the longest delay
(Navigator) was more accurate than a sensor with shorter
delay (Enlite) suggests that factors other than instrumental
delay have more quantitatively important effects on CGM
accuracy. Furthermore, it appears that the Navigator and the
G4 Platinum are achieving comparable accuracies with dif-
ferent strategies given the significantly longer delay of the
Navigator than the G4 Platinum.

Our observations that delays were significantly less for
all sensors in the adolescents relative to the adult popula-
tion, and that the delays correlated positively with subject
age are intriguing. We previously showed that the G4
Platinum and the Navigator had a higher point accuracy
(lower MARD) in adolescents than in adults.” More stud-
ies are needed to validate this observation, but this data
could be consistent with reduced microcirculation in the
subcutaneous tissue with age, leading to slower equilibra-
tion of glucose between blood and interstitial fluid.
However, the differences in accuracy between adults and
adolescents are larger than can be explained solely by dif-
ferences in the delay.’

The clinical relevance of time delay between PG and
CGMG is not limited to effects on point accuracy. The impact
of the delay on decision making can be particularly impor-
tant at times when the trajectory of PG changes quickly and
when the PG is near the hypoglycemic threshold. As an
example, consider the use of CGM as the input to an auto-
mated glucose control system (artificial or bionic pancreas).
Such systems are capable of more tightly controlling PG than
is typical for patients with type 1 diabetes. As a consequence,

the PG is much more often stable in the target range, and is
therefore near the hypoglycemic threshold more often. If
something causes the PG to begin to fall rapidly, as can occur
during even mild exercise such as walking, the proximity to
the hypoglycemic threshold provides very limited time to
respond. Any delay between the change in the trajectory of
PG and that change being reflected in the CGMG trajectory
will reduce the time available for the automated system to
take an action, such as delivery of glucagon, to prevent a
hypoglycemic event.

A limitation in this study is that it did not use the most
recent CGM from Dexcom, the G5, and the most recent
CGM from Abbott, the Freestyle Libre. In both cases the
underlying sensor technology is very similar to the sensors
we studied, with the modifications being limited to the cali-
bration algorithm (or lack of calibration in the case of the
Libre), the signal processing, and the design of the transmit-
ter. It is unclear to what extent these factors would have
affected the measured delay. Another limitation is that the
youngest and oldest subjects were respectively 12 and 66
years of age; thus, we do not know if the correlation between
age and delay is present in subjects younger and older than
the participants in this study. In addition, the subjects had
limited activity in an inpatient setting during the study, being
sedentary except for a period of structured exercise lasting
approximately 30 minutes® and the ambient temperature was
controlled. More activity or variability in ambient tempera-
ture, as is found in the outpatient setting, could have affected
the delay observed. Finally, we used the simple method of
time-shifting to estimate the delay between changes in PG
and changes in CGMG; thus, the method provided an esti-
mate for the combined differences in the timing of changes in
PG and the interstitial fluid as well as instrumental delays in
responding to these changes. Finally, we did not use more
sophisticated modeling techniques to estimate the time con-
stants for equilibration of glucose from the plasma to the
interstitial fluid compartments.'*'*"*

Conclusion

There are differences in the delay between PG and CGMG
among different CGM devices worn by the same subjects.
The delay between PG and CGMG appears to be smaller for
adolescents than for adults and appears to increase with age.
The time delay between PG and CGMG is influenced by
both instrument and host factors. Factors other than instru-
mental time delay have more quantitatively important effects
on CGM accuracy.

Abbreviations

ARD, absolute relative difference; BG, blood glucose; CGM, con-
tinuous glucose monitoring; CGMG, CGM-estimated plasma glu-
cose; GS, GlucoScout; ISO, International Organization for
Standardization; IV, intravenous; MARD, mean ARD; PG, plasma
glucose; YSI, Yellow Springs Instrument.
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