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Abstract

Background: Congestive heart failure (CHF) features disturbances in the interstitial environment that may affect the accuracy
of subcutaneous continuous glucose monitoring (CGM).

Subjects and Methods: A pooled analysis of two studies of hospitalized patients with type 2 diabetes randomized to
intravenous or subcutaneous insulin was conducted. One study enrolled patients with CHF exacerbation, whereas history of
CHF was an exclusion criterion in the other. All patients wore a professional CGM device for at least 24 h. Intravenous insulin
was administered according to the institution’s nursing-run protocol (duration of 12 and 48 h in non-CHF and CHF protocols,
respectively). Subcutaneous insulin was delivered similarly in both groups.

Results: Subjects with CHF (1=43) had higher admission glucose and hemoglobin Alc compared with non-CHF subjects
(n=32), but the sensor glucose values were similar. Overall mean absolute relative difference (MARD) was similar between
CHF and non-CHF subjects (0.11 vs. 0.08, respectively; P=0.12). MARD was higher in the 100-149 mg/dL (P=0.003) and
>199mg/dL (P=0.02) strata among CHF subjects. Static glucose and continuous glucose error grid analyses favored the non-
CHF group. In multivariable analyses, only glucose coefficient of variation and log sensor time were independent predictors
of elevated overall MARD >0.10. After adjustment for other factors, only increasing log sensor time was a significant
predictor of elevated MARD in the 100-149 mg/dL strata.

Conclusions: Among hospitalized subjects with type 2 diabetes, CHF exacerbation is not associated with lower sensor

accuracy after adjustment for other factors, but this requires confirmation over a wider glucose range.

Background

SUBCUTANEOUS (SQ) conTINUOUS glucose monitoring
(CGM) is gaining increasing interest as a potential tool for
use in addition to point-of-care glucose measurements in
hospitalized patients due to the potential for increasing the
safety and efficacy of insulin ’cherapy.l*3 However, recent
guidelines have recommended against the use of real-time
interstitial CGM in the hospital because of lingering concerns
regarding sensor accuracy, although improvements are being
made with more recent technology.*”

Many factors are known to affect the accuracy of point-of-
care glucose monitoring devices, including fluid status, per-
fusion, pH, oxygenation, and medications.® CGM accuracy
may be affected in a similar manner. In the intensive care unit,
CGM studies have demonstrated variable accuracy,6’12 al-
though most were small, and some studies evaluated sensor
accuracy over only a narrow glucose range.! Outside of the
intensive care unit, conditions may be more favorable for
glucose monitoring. However, congestive heart failure (CHF)
is one such condition that may be characterized by tissue

edema and poor perfusion and thus may also affect CGM
accuracy. Our previous research suggested that CHF may
pose unique challenges to sensor accuracy in patients with
type 2 diabetes, although glycemic control appeared to be a
more important contributor.'®> However, the previous study
was not optimal for isolating the effects of CHF because
comparator groups grossly differed by several other factors,
such as type of diabetes. This study compares the accuracy of
CGM by CHF status within insulin-requiring hospitalized
non-intensive care unit patients with type 2 diabetes. Fur-
thermore, we compare the effects of treatment modality (in-
travenous [IV] vs. SQ insulin).

Subjects and Methods
Patients

Study subjects consisted of two groups: CHF and non-CHF
patients. Patients were enrolled as part of separate ongoing
studies.'* Inclusion criteria for both studies included hospi-
talized adults with type 2 diabetes and significant insulin use
(>20 units/day) or hyperglycemia (blood glucose >10 mmol/L
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on at least two occasions separated by at least 4h apart).
Exclusion criteria for both studies included type 1 diabetes,
hyperglycemic emergency, critical illness (such as the need for
mechanical ventilation and hypotension requiring vasopres-
sors), corticosteroid use, end-stage renal or liver disease,
hospital stay expected to be <48h, inability to consent, im-
prisonment, and pregnancy. The CHF study specifically in-
cluded patients who were admitted for CHF exacerbation as
the primary diagnosis and excluded patients with acute
myocardial infarction within the previous 3 months or pre-
dominantly right-sided heart failure. The non-CHF group
excluded patients with known heart failure, arrhythmia, or
autonomic neuropathy. All studies were approved by the
Institutional Review Board at The Ohio State University, and
all patients signed informed consent.

Intervention

Patients were randomly assigned to IV or SQ insulin, and
all oral agents were discontinued. IV insulin was titrated
using the study institution’s universal nursing-run protocol.
This protocol (target blood glucose level of 110-150 mg/dL)
was adapted from a previously published algorithm." TV
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insulin was continued for 12 h in the non-CHF group and 48 h
in the CHF group, a result of different study protocols. Pa-
tients who were eating received SQ prandial insulin with a
rapid-acting insulin analog, using an algorithm that has been
reported previously.'* SQ correction insulin was withheld
during the IV infusion. In the SQ group, the total daily dose of
insulin was calculated as 100% or 120% of the total home dose
of insulin in patients with an enrollment glucose of <180 mg/
dL or >180mg/dL, respectively. Basal and prandial insulin
were administered in approximately equal total daily doses
with adjustments in the total daily dose of £10-20% per day
based on a published algorithm.'® The major exceptions were
that prandial insulin was delivered according to carbohydrate
intake and the target glucose range was 100-150 mg/dL.

A continuous glucose monitor (CGMS® iPro™; Medtronic,
Northridge, CA) was used in accordance with the manufac-
turer’s instructions. The sensor was inserted on the abdomen
and downloaded after at least 24h using CGMS Solutions
software. Capillary glucose values (Accu-Chek® Inform®;
Roche, Indianpolis, IN) were measured hourly during IV in-
sulin and every 4-6h in the SQ group. Calibrations were
performed at four predetermined time points (closest to 7
am., 11 a.m., 4 p.m., and 9 p.m.) per day within the allowable

TaABLE 1. BASELINE CHARACTERISTICS AND GLUCOSE VALUES AMONG PATIENTS HOSPITALIZED
wITH TYPE 2 DIABETES, BY CONGESTIVE HEART FAILURE STATUS

Non-CHF CHF
n Value n Value P value
Patient characteristics
Age (years) 32 57.8+10.4 43 62.4£11.23 0.003
Male 32 21 (66%) 43 16 (37%) 0.02
White 32 29 (91%) 43 35 (81%) 0.34
BMI (kg/m?) 32 35.2+9.1 43 39.4+9.8 0.06
Diabetes duration (years) 31 12 (7-16) 40 13 (10-20) 0.17¢
HbAlc (%) 32 9.5+2.6 42 8.0+1.7 0.01
Hypertension 32 27 (84%) 43 37 (86%) >0.99
Coronary artery disease 32 12 (38%) 43 25 (58%) 0.10
Retinopathy 32 7 (22%) 43 8 (19%) 0.78
Nephropathy 32 10 (31%) 43 6 (14%) 0.09
Neuropathy 32 14 (44%) 43 20 (47%) >0.99
Creatinine (mg/dL) 32 1.38+£0.78 43 1.67£0.67 0.11
Change in plasma volume (%) 21 2.7+8.6 41 0.10+7.5 0.25
Insulin randomization group
IV insulin 16 16 (50%) 17 17 (40%)
SQ insulin 16 16 (50%) 26 26 (61%)
Glucose data
Number of meter—sensor pairs 32 10.5 (7-18) 43 11 (8-37) 0.09%
Time on sensor (min) 32 2,725 (2,038-3841) 43 3,655 (3,585-3,810) 0.09%
Admission glucose (mg/dL) 32 227+83 43 178 £54 0.01
First sensor glucose (mg/dL) 32 168+ 65 43 169+ 68 0.98
Mean sensor glucose (mg/dL) 31 172443 43 164+37 0.37
CV (%) 31 27.9+11.2 43 23.5+8.2 0.07
Time (%) in hypoglycemia 0 (0-55) 0 (0-0.17) 0.16%
MAD (mg/dL) 32 10 (3-20.8) 43 13 (6-26.8) <0.0001°
MARD (%) 32 0.08 (0.07-0.12) 43 0.11 (0.07-0.15) 0.12%
Meter—sensor correlation (r) 392 0.89 928 0.84 <0.0001°

Data are mean=*SD values, median (interquartile range), or number (%), as indicated.

“Differences between groups were tested using Wilcoxon’s rank-sum test. The P value was determined using a t test for all other
continuous variables. Fisher’s exact test was used to find the P value for dichotomous variables.

"Difference in correlations was determined using the Fisher’s r-to-Z transformation.

BMI, body mass index; CHF, congestive heart failure; CV, coefficient of variation for glucose; HbAlc, hemoglobin Alc; MAD, mean

absolute difference; MARD, mean absolute relative difference.
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glucose limits (40-400mg/dL) of the software. Change in
plasma volume (PV) was calculated as published previously,
using the hemoglobin and hematocrit values from successive
days.17 Patients with active bleeding or recent blood trans-
fusions were excluded from PV calculations.

Analysis

The mean absolute difference (MAD) was calculated as the
absolute value of the meter glucose level minus the sensor
glucose level, and the mean absolute relative difference
(MARD) was calculated as the absolute value of the meter
minus the sensor value divided by the meter value: |meter
BG-sensor BG|/meter BG. The MAD and MARD were com-
pared, and MARD was stratified by glucose levels (<100 mg/
dL, 100-149 mg/dL, 150-199mg/dL, and >199mg/dL). A
strictly hypoglycemic stratum was not possible because of
insufficient values in the hypoglycemic range. Thus, glucose
strata were chosen to facilitate direct comparisons with pre-
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vious studies.*'® Overall and group-dependent Pearson’s
correlation coefficients were calculated. Bland-Altman plots
were created. Clarke error grid analysis (EGA) and the con-
tinuous glucose EGA (CG-EGA) were performed.";’]9

Non-normally distributed variables (diabetes duration,
time in hypoglycemia, number of meter—sensor pairs, total
sensor time, MAD, and MARD) were reported as median
(interquartile range) and analyzed using Wilcoxon rank-sum
tests. All other continuous variables had normal distributions
and were reported as mean (SD) values and analyzed using
unpaired f tests. Dichotomous variables were reported as
number (percentage), and between-group comparisons were
made using Fisher’s exact test. Statistical significance was
determined at a value of P<0.05.

Logistic regression analyses were performed for the di-
chotomous response variables “Overall MARD >0.10" or
“MARD;p-150>0.10” using backward stepwise methodol-
ogy. The rationale for the cutoff of 0.10 was that it was the
pooled median value for both groups in this study and is in
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FIG. 1. Bland-Altman plots for (a) non-congestive heart failure (CHF) and (b) CHF subjects.
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TABLE 2. MEAN ABSOLUTE RELATIVE DIFFERENCE BY GLUCOSE STRATA IN HOSPITALIZED
PATiENTS WITH OR WITHOUT CONGESTIVE HEART FAILURE
Non-CHF CHF

Glucose strata (mg/dL) n Median (IQR) n Median (IQR) P value
<100 38 0.08 (0.02-0.21) 75 0.10 (0.06-0.26) 0.11
100-149 146 0.07 (0.02-0.14) 389 0.10 (0.04-0.18) 0.003
150-199 117 0.07 (0.03-0.14) 304 0.09 (0.04-0.16) 0.05
>200 91 0.05 (0.01-0.10) 160 0.07 (0.03-0.15) 0.02

Data are median (interquartile range [IQR]) values. Differences between groups were determined using Wilcoxon’s rank-sum test.
CHEF, congestive heart failure; MARD, mean absolute relative difference.

agreement with other data.” Variables were chosen for entry
into the model based on clinical relevance (CHF status, insulin
group) and univariable effect estimates (cutoff value of
P<0.08). Non-normally distributed variables were log-
transformed. Statistical analyses were performed using JMP ver-
sion 9.0 software (SAS, Cary, NC). EGAs were conducted with
software from The Epsilon Group® (www.tegvirginia.com).

Results

There were 43 subjects with CHF and 32 subjects without
CHEF. Characteristics are shown in Table 1. The CHF subjects
were older (62 vs. 58 years, P=0.003) and more likely to be
male (66% vs. 37%, P=0.02) than the non-CHF subjects;
however, the hemoglobin Alc (8.0% vs. 9.5, P=0.01) and
admission glucose (178 vs. 227 mg/dL, P=0.01) levels were
lower in the CHF group. There was a nonsignificant trend for
greater total time on the sensor and more sensor-meter pairs
per subject in the CHF group than in the non-CHF group
(P=0.09 for both). The first sensor glucose level, mean sensor
glucose level, glucose coefficient of variation (CV), and time in
hypoglycemia were similar between groups.

Overall accuracy

Bland—-Altman plots are shown in Figure 1. The MAD and
MARD were similar between CHF and non-CHF patients

(Table 1). However, the meter—sensor correlation was higher in
the non-CHF group (p=0.89 vs. 0.84 for non-CHF vs. CHF,
respectively; P<0.0001) (Table 1). When stratified by glu-
cose level, median MARD between 100 and 149mg/dL
(MARD;p_140) Was significantly lower in non-CHF patients
compared with CHF patients (0. 07 vs. 0.10, P=0.003) (Table 2).
MARD was significantly lower in the non-CHF group in the
>199mg/dL range (P=0.02), and there was a trend for
lower MARD in the 150-199 mg/dL range (P=0.05), but val-
ues <100mg/dL were not significantly different. There was no
association between MARD and change in brain natriuretic
peptide (p=0.06, P=0.69) in the CHF patients or between
MARD and PV (p=-0.01, P=0.94) in all patients. Spearman’s
correlations between overall MARD and MARD;y_150 and
other study parameters are shown in Table 3. MARD was as-
sociated with IV insulin (p=0.21, P=0.046), CV of glucose
(p=0.24, P=0.04), and total sensor time (p=0.42, P=0.002).
MARD; 9149 Was correlated only with total sensor time
(p=0.38, P=0.002).

Clinical accuracy

EGAs are shown in Table 4 and Figure 2. There were sig-
nificantly more values in Zone A in the non-CHF group
compared with the CHF group (86.7% vs. 79.3%, P=0.001)
using the original EGA, but the number in Zones A + B did not

TABLE 3. CORRELATIONS WITH MEAN ABSOLUTE RELATIVE DIFFERENCE

Overall MARD MARD 100-150 mg/dL

Variable Spearman p P value Spearman p P value
CHF 0.19 0.11 0.13 0.30
IV insulin 0.21 0.046 0.24 0.05
Age 0.34 0.33 0.12 0.32
Male -0.12 0.31 -0.03 0.80
Diabetes duration 0.01 0.94 0.06 0.644
BMI 0.158 0.21 0.22 0.07
HbAlc -0.04 0.72 0.18 0.15
Sensor mean total -0.16 0.18 -0.03 0.82
Sensor CV total 0.24 0.04 0.14 0.28
Hypoglycemia time —-0.002 0.99 -0.01 0.92
Admission glucose -0.12 0.29 —-0.02 0.88
First sensor glucose -0.20 0.08 -0.16 0.21
Time on sensor 0.42 0.0002 0.38 0.002
Number of sensor-meter pairs 0.03 0.74 0.03 0.81
PV change —-0.03 0.83 -0.11 0.43

BMI, body mass index; CHF, congestive heart failure; CV, coefficient of variation for glucose; HbAlc, hemoglobin Alc; IV, intravenous;
MARD, mean absolute relative difference; PV, plasma volume.



SENSOR ACCURACY AND HEART FAILURE

TABLE 4. CLINICAL PERFORMANCE OF PROFESSIONAL
CoNTINUOUS GLUCOSE MONITORING
BY CONGESTIVE HEART FAILURE STATUS

Non-CHF (%) CHF (%) P value®
Original EGA
Zone A 86.7 79.3 0.001
Zone A+B 98.7 98.5 >0.99
CG-EGA
<70mg/dL
Zone A 100 12.5 0.01
Zone A+B 100 12.5 0.01
Erroneous 0 87.5 0.01
71-180mg/dL
Zone A 100 99.5 >0.99
Zone A+B 100 99.5 >0.99
Erroneous 0 0.5 >0.99
>180mg/dL
Zone A 97.7 97.8 >0.99
Zone A+B 97.7 97.8 >0.99
Erroneous 2.3 2.2 >0.99

“Differences between groups were determined using Fisher’s exact
test.

CG-EGA, continuous glucose error grid analysis; CHF, congestive
heart failure; EGA, error grid analysis.

differ (98.7% vs. 98.5%, P>0.99). CG-EGA found more values
in Zone A in the non-CHF group in the hypoglycemic range
(<70mg/dL), but there were relatively few readings for
comparison. CG-EGA percentages in the 71-180 mg/dL and
>180 mg/dL range did not differ between the CHF and non-
CHF groups.

Models (Table 5)

In the initial model for overall MARD >0.10 adjusting for
CHF status, IV insulin, sensor CV, and log-transformed sen-
sor time, only sensor CV was a significant predictor of MARD
>0.10 (odds ratio=1.07, 95% confidence interval 1.01-1.14,
P=0.02). In the final model, sensor CV and log-transformed
sensor time were significant predictors of higher MARD. In
the initial model for MARD;go_149 > 0.10, none of the variables
was a significant predictor. After backward elimination,
however, log-transformed sensor time emerged as the only
significant predictor (P=0.003).
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Discussion

CHF is commonly encountered among ambulatory and
hospitalized non-critically ill patients with type 2 diabetes and
may pose potential challenges to sensor accuracy. Overall,
technical and clinical accuracy was acceptable in patients with
and without CHF, with trends for decreasing accuracy in the
lower glucose range (Tables 1 and 2). There were trends for
higher MARD in CHF patients compared with non-CHF pa-
tients. After adjustment for other factors, CHF status did not
remain significant in the overall MARD > 0.10 model or in the
model for normoglycemia (MARD;_149>0.10), again sug-
gesting that residual differences in glycemic control (or the
ability of the sensor to detect glucose excursions) between
CHF and non-CHF groups are likely to contribute to the un-
adjusted analyses (Table 5).

The importance of glucose excursions on sensor accuracy is
in agreement with our previous data, which showed that
sensor accuracy is significantly degraded in hospitalized pa-
tients presenting with severe hyperglycemia.'® By compari-
son, a study of 174 medical intensive care unit patients
requiring intensive insulin therapy reported an overall
MARD of 7.3%, 99.1% of subjects in insulin titration EGA
Zones A + B, and a correlation coefficient of 0.92 (2,045 sensor—
meter pairs).m This patient population, however, exhibited
very tight glycemic control, with a mean glucose of 111 mg/dL,
likely because of the inclusion of patients without preexisting
diabetes.

Overall, MARD and values in Zone A of the EGA favored
non-CHF patients. No direct measures of edema, tissue oxy-
genation, or perfusion were available. Both brain natriuretic
peptide and estimation of PV were analyzed as readily
available, although somewhat imprecise, indicators of CHF
severity. Neither brain natriuretic peptide nor the indirect
measure of change in PV was associated with MARD, chal-
lenging the role of CHF itself on sensor accuracy. However,
within-patient changes in brain natriuretic peptide are re-
ported to be a more reliable indicator of response to treatment
than absolute values alone.”! After higher and lower glucose
values were excluded, no effect of CHF was observed on
MARD. Unfortunately, the effect of glucose excursions on
sensor accuracy could not be vigorously analyzed, because of
fewer sensor-meter pairs in the hypoglycemic and hyper-
glycemic ranges. In comparison, a small study of pediatric
cardiac surgery patients did not demonstrate a significant

TABLE 5. MULTIVARIABLE MODELS OF MEAN ABSOLUTE RELATIVE DIFFERENCE

Qwerall MARD >0.10

MARD 100-150 mg/dL>0.10

Term Odds ratio 95% CI P value Odds ratio 95% CI P value
Initial model
CHF 2.40 0.80-7.74 0.13 1.83 0.61-5.72 0.29
IV insulin 0.67 0.17-2.81 0.57 0.57 0.15-2.32 0.42
BMI (kg/ m?) — — — 1.01 0.95-1.07 0.78
Sensor CV total 1.07 1.01-1.14 0.02 — — —
Time on sensor® 2.70 1.01-9.08 0.07 2.33 0.80-7.87 0.14
Final model
Sensor CV total 1.06 1.01-1.24 0.03 — — —
Time on sensor® 3.43 1.62-8.29 0.008 3.31 1.47-8.47 0.003

“Log-transformed values.

BMI, body mass index; CHF, congestive heart failure; CI, confidence interval; CV, coefficient of variation for glucose; IV, intravenous.
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FIG. 2. Original Clarke error grid
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association between sensor accuracy and edema, determined
radiographically.” Furthermore, other studies have not iden-
tified associations between sensor accuracy and vasopressor
use.'"!! However, it is unclear how such studies apply to
CHF, which may feature more complex disturbances in the
sensor environment than that reported in studies of edema or
hypotension alone.

Our previous data questioned whether glucose legacy may
play a role in sensor accuracy. Such an effect might be medi-
ated by local tissue changes during prolonged hyperglycemia
(such as glycosylation or inflammation). In this study, there
were significant differences in admission glucose and hemo-
globin Alc among CHF and non-CHF patients, but the more
extreme values occurred in the non-CHF patients (Table 1),
indicating that glucose legacy was not responsible for the
differences in sensor accuracy between CHF and non-CHF
patients. Moreover, neither hemoglobin Alc nor admission
glucose level was a significant univariate predictor of overall
MARD or MARD100_149.

In this study, CV was a significant predictor of overall
MARD, independent of other variables (Table 5); this is con-
sistent with our previous data.'® Rapid glucose changes are
known to affect the accuracy of CGM." Likewise, increasing
log-transformed sensor time was a predictor of MARD >0.10,
even after controlling for CV. The reasons for this finding are
unclear, but the odds ratios were attenuated in the initial
models, suggesting confounding by other variables, particu-
larly route of insulin. For example, the odds ratio for log-
transformed sensor time increased from 2.7 to 3.3 after
removal of IV insulin and increased only slightly after re-
moval of CHF. In a previous study, IV insulin was also in-
dependently associated with increasing overall MARD, even
after adjusting for CV, raising the question of whether other
factors, such as unmeasured fluid shifts, may be important.13
However, this observation was not confirmed in the current
study. Further research is needed to determine whether the
useful sensor life is reduced in subjects with CHF, but data in
healthy subjects suggest that sensor accuracy does not de-
grade with up to 9 days of wear.*>

The study is limited by the comparison of patients who,
although differing by CHF status, may have had other
characteristics, such as a difference in activity level, that
could affect sensor accuracy. Thus, residual confounding is
possible, even though we adjusted for multiple factors in the
models. Formal assessments of cardiac function were not
performed in patients without CHF, but none had clinical
evidence of active heart failure exacerbation. In addition,
capillary, rather than venous or arterial, glucose values were
used for calibration. Although we specifically excluded pa-
tients who were hypotensive, edema may affect the accuracy
of capillary blood glucose values, potentially influencing the
calibration of CGM.**** However, calibration using capil-
lary blood glucose is more likely to reflect typical use on the
wards, where performing multiple venipunctures per day
would be impractical. Regardless, calibration was per-
formed in similar manner in both CHF and non-CHF pa-
tients and thus does not appear to explain all of the
differences between groups in this study or in our previous
data.'® Finally, it is important to note that accuracy deter-
minations using professional CGM may not be directly
comparable to that of real-time CGM, because of differences
in calibration. The iPro software, in particular, has the ben-
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efit of using all calibration points in its recording period for
calibration, resulting in greater accuracy. Thus, separate
accuracy studies for real-time CGM are needed.

In conclusion, among hospitalized subjects with type 2
diabetes, CHF exacerbation is not associated with lower sen-
sor accuracy after adjustment for other factors, but this re-
quires confirmation over a wider glucose range.
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