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Background: Flash glucose monitoring (FGM) is a technology with considerable
differences compared to continuous glucose monitoring (CGM), but it has been scarcely
studied in hemodialysis patients. Thus, we aimed assessing the performance of FGM
in such patients by comparison to self-monitoring of blood glucose (SMBG). We will
also focus on estimation of glycemic control and variability, and their relationships with
parameters of glucose homeostasis.

Methods: Thirty-one patients (20 with type 2 diabetes, T2DM, 11 diabetes-free, NODM)
collected readings by FGM and SMBG for about 12 days on average. Readings by FGM
and SMBG were compared by linear regression, Clarke error grid, and Bland-Altman
analyses. Several indices of glycemic control and variability were computed. Ten
patients also underwent oral glucose tolerance test (OGTT) for assessment of insulin
sensitivity/resistance and insulin secretion/beta-cell function.

Results: Flash glucose monitoring and SMBG readings showed very good agreement in
both T2DM and NODM (on average, 97 and 99% of readings during hemodialysis in A+B
Clarke regions, respectively). Some glycemic control and variability indices were similar
by FGM and SMBG (p = 0.06-0.9), whereas others were different (o = 0.0001-0.03). The
majority of control and variability indices were higher in T2DM than in NODM, according
to both FGM and SMBG (p = 0.0005-0.03). OGTT-based insulin secretion was inversely
related to some variability indices according to FGM (R < —0.72, p < 0.02).

Conclusions: Based on our dataset, FGM appeared acceptable for glucose
monitoring in hemodialysis patients, though partial disagreement with SMBG in glycemic
control/variability assessment needs further investigations.

Keywords: flash glucose monitoring, hemodialysis, glycemic variability, insulin sensitivity, insulin secretion,
mathematical modeling

Frontiers in Medicine | www.frontiersin.org

1 July 2021 | Volume 8 | Article 617891


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.617891
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.617891&domain=pdf&date_stamp=2021-07-30
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:andrea.tura@cnr.it
https://doi.org/10.3389/fmed.2021.617891
https://www.frontiersin.org/articles/10.3389/fmed.2021.617891/full

Mambelli et al.

Flash Glucose Monitoring in Hemodialysis

INTRODUCTION

Flash glucose monitoring (FGM), based on the FreeStyle
Libre system (Abbott Diabetes Care Inc.), is an interstitial
glucose monitoring technology introduced in 2014, with some
considerable differences compared to the more traditional
continuous glucose monitoring (CGM) (1). As an example, a
significant feature of the FGM system is that it is factory-
calibrated, thus not requiring calibration by self-monitoring
of blood glucose (SMBG) during the 14 days wearing period
(2, 3), at difference with the majority of the CGM systems,
especially those less recent. It is worth noting that, one the
other hand, CGM has some advantages compared to FGM,
especially the opportunity of some CGM systems to be reliably
used in connection with an insulin pump, possibly automated
(1). However, in patients not requiring such type of antidiabetic
treatment, FGM option appears very interesting, even in the light
of the typically lower costs when compared to the CGM systems.

Since its introduction, FGM has proven its clinical usefulness,
as summarized in several review and meta-analysis studies (4-6).
However, to our knowledge few studies analyzed the performance
of the FGM system in patients undergoing chronic hemodialysis
(7-9), and none assessed in details both glycemic control quality
and glycemic variability.

Notably, even considering the more traditional CGM
approach, relatively few studies focused on the assessment of
glycemic control and variability in hemodialysis patients, and
with limitations in the analysis, as well as, typically, in the
studied patients’ populations (10-16), despite the importance of
glycemia assessment in hemodialysis has been clearly recognized
(especially in the presence of type 2 diabetes) (17).

Specifically, during hemodialysis treatment, hyperglycemia
may lead to hyponatremia, which can contribute to a wide
spectrum of clinical symptoms, from mild to severe or even
life threatening (18). The opposite risk for hemodialysis patients
is hypoglycemia, which is not uncommon during hemodialysis
even in patients without diabetes, and can even lead to coma
or death (17). Of note, the risk for hypoglycemic events
increases with intensive treatment, and in the presence of
cardiovascular diseases it can cause fatal dysrhythmia (19).
Moreover, it has to be recognized that high glycemic variability,
compared to constant abnormal glycemia, may have even
more dangerous cardiovascular effects, as mirrored by its high
positive correlation with the urinary excretion rate of oxidative
stress markers (20).

In this study, we aimed to assess the performance of the FGM
system in hemodialysis patients, by comparison of FGM glucose
readings to those obtained by SMBG, assumed as reference. We
also focused on the estimation of both glycemic control and
glycemic variability with the two approaches, in hemodialysis
patients with type 2 diabetes and diabetes-free. In addition, we
aimed to analyze in those patients possible relationships between
glycemic control and variability and the main parameters of
glucose homeostasis (mainly, insulin sensitivity/resistance, and
insulin secretion/beta-cell function), as assessed by an oral
glucose tolerance test (OGTT) performed in a subgroup of our
study population.

TABLE 1 | Main characteristics of the patients, and number of glucose readings
during the 14 days wearing period of the FGM sensor (mean + SEM).

T2DM NODM
Main characteristics
N 20 11
Sex (M/F) 12/8 10/1
Age (years) 63.3+238 63.7 £ 4.5
BMI (kg/m?) 289+1.5 22.8+1.2
Hemodialysis duration (years) 3.4.£04 59+14
Type 2 diabetes duration (years) 201 +1.8 -
Glycated hemoglobin (mmol/mol) 609+ 4.5 36.6 +£ 0.7
Fructosamine (iumol/l) 350.8 £ 15.0 2836 £7.2
Number of glucose readings
During hemodialysis sessions 233+1.8 271 +£1.2
In interdialytic periods 30.9 + 3.2 -

MATERIALS AND METHODS

Study Design, Participants, Data Collection
The present analysis considers data derived from the GIOTTO
study (Glycemic patterns In patients undergOing chronic dialysis
Treatment Through flash glucOse monitoring device). The study
includes a cohort of patients undergoing chronic hemodialysis
with and without type 2 diabetes, recruited at the Nephrology
and Dialysis Units of the Bufalini Hospital (Cesena, Italy) and the
Morgagni-Pierantoni Hospital (Forli, Italy). Thirty-one patients
were recruited (20 with type 2 diabetes, T2DM, and 11 without
diabetes, NODM), undergoing hemodialysis three times per week
from at least three months, with age in the 18-85 years range. For
all patients dialysate composition contained 140 mmol/l sodium,
3 mmol/l potassium and 5.6 mmol/l glucose. Exclusion criteria
were acute renal failure, pregnancy, transplantation requiring
steroids treatment, inflammatory condition (acute or chronic),
changes to the antidiabetic therapy during the study recruitment
phase, neoplasia diagnosed in the last 5 years, psychological
diseases, and any condition possibly affecting the patient’s
compliance to the study as determined by the investigators. Main
patients’ characteristics are reported in Table 1.

A FGM sensor was applied to each patient to perform
glucose readings for 14 days (according to the duration of
the sensor). During every hemodialysis session, patients had to
perform the glucose readings at the beginning of the session,
and once per hour until the end of the session. Readings were
collected by either the FGM reader or the personal smartphone
(with the required application installed) as preferred. In order
to collect pairs of glucose reading almost contemporary, with
the same time scheduling (precisely, immediately before each
FGM glucose reading), patients had to collect capillary blood
glucose readings with traditional test strips method, i.e., SMBG.
This was accomplished through Nova Pro glucometer system
(Nova Biomedical, USA), which was chosen for some advantages
compared to other glucose meters, such as the ability to eliminate
interference with other electrochemical substances, as well as
interference with abnormal hematocrit, thus providing very good
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results in terms of reliability. T2DM patients were also asked to
continue with concomitant FGM and SMBG glucose readings in
the interdialytic periods, with at least three readings per day.

During one of the hemodialysis sessions, a subgroup of 10
patients (five with and five without type 2 diabetes) underwent
a75g OGTT (Glucosio Sclavo Diagnostics 75 g/150 ml, Doppel
Farmaceutici, Italy), with measurement of plasma glucose,
insulin and C-peptide at five time samples (0, 30, 60, 120,
180 min), performed at the AUSL Romagna Central Laboratory.

All patients provided written informed consent to the
study, which was approved by the local ethics committee
(n. 2616, 28/09/2017). The study was performed according
to the guidelines of good clinical practice (ICH Harmonized
Tripartite Guidelines for Good Clinical Practice 1996, Directive
91/507/EEC, and Italian D.M. 15/07/1997), and in agreement
with the Helsinki declaration and with the Italian guidelines
for conduction of clinical trials (D.L. n. 211, 24/06/2003, and
D.M. 17/12/2004).

Assessment of Glycemic Control and
Glycemic Variability

The indices of glycemic control (21, 22) describe to what extent
the glucose data tend to remain near a target value or in a target
range. There are both basic indices of descriptive statistics, and
more complex indices. As regards the former, we calculated the
most common, i.e., the glucose mean (Gyean), More complex
and refined indices were the following (lower values mean
better condition):

i) GRADE (Glycemic Risk Assessment Diabetes Equation):
glucose values are transformed to yield a continuous
curvilinear response with minimum at about 5 mmol/l and
high adverse weighting to hyperglycemia and hypoglycemia:
GRADE = 425 x ({logio[logi0(Gn)] + 0.16}%, G, being
the n-th glucose reading, in mmol/l; then, average
value was taken;

ii) M-VALUE: it is a weighted average of the glucose values,
with progressively larger penalties for more extreme values:
M-VALUE = |10 x logjg (G,/IGV)|?, where IGV is the ideal
glucose value, assumed equal to 120 mg/dl, as typically done;
again, average value was then taken;

iii) LBGI (Low Blood Glucose Index): it is a transformation
that normalizes the blood glucose scale: LBGI = 1.509 x
{[loge(G,,)]984 — 5381}, for blood glucose values <112.5
mg/dl; then, a risk value is assigned to each blood glucose
reading as follows: Risk(LBGI) = 10 x LBGI?; finally, average
value was taken;

iv) High Blood Glucose Index (HBGI): similarly to LBGI, it is
a transformation to normalize the blood glucose scale, for
blood glucose values higher than 112.5 mg/dl; the expression
of HBGI is the same as for LBGI;

v) Average Daily Risk Range (ADRR): it is the sum of LBGI
and HBGI, calculated with the minimum and the maximum
glucose value, respectively.

The indices of glycemic variability (21, 22) measure to what
extent the glucose data tend to oscillate: the higher the variability,

the higher the value of the indices. Some basic indices that
we calculated were the glucose standard deviation (Gsp) and
the total glucose range of variation (Grangg). More refined
indices were:

i) J-INDEX: it is an index somehow intermediate between
glycemic control and variability, as it is a combination of
information from Gygan and Ggp, but to our knowledge it
is typically classified as a glycemic variability index: J-INDEX
= 0.001x (GMmeAN+G sp)%

ii) CONGA (Continuous Overlapping Net Glycemic Action):
it is the standard deviation (SD) of the difference between
values typically obtained 60min apart, but in this case
we performed the analysis over the glucose data available,
though the time interval between consecutive values was not
constant and typically higher than 1 h;

iii) MAGE (Mean Amplitude of Glycemic Excursion): it is the
mean of the glycemic excursions that are >1 SD;

iv) Autocorrelation, AUTCORR: it considers to what extent
the glucose values tend to repeat or change during time;

the autocorrelation sequence is computed as Ad(m) =
N—|m|
> x(i) - x(i + m) where x in this case is glucose,
i=
N is the total number of samples and m is the time lag
expressed as number of samples; then the sequence is
normalized to Ad (1), and average value is calculated to get

the autocorrelation index.

_ 1
N—|m|

The indicated indices were calculated separately on SMBG
and FGM values for each patient. For both SMBG and FGM
values, we calculated the indices over the whole patients
data and, for T2DM patients, separately over the data
collected during the hemodialysis sessions and during the
interdialytic periods.

Assessment of Glucose Homeostasis From
the OGTT

Modeling approach was used for the assessment of pancreatic
insulin secretion and beta-cell function (23, 24). Briefly, the
main beta-cell function parameters were beta-cell glucose
sensitivity, Gsgns (mean value of the dose-response function),
describing the dependence of insulin secretion on absolute
glucose concentration; rate sensitivity, Rsgns (proportionality
constant of the derivative component of the secretion),
representing the dynamic dependence of secretion on the
rate of change of glucose; ratio of the potentiation factor at
180 to that at Omin, PFR, explaining the sustained insulin
secretion levels often seen at the end of an OGTT even if
glucose has already returned to basal (partly related to the
enhancing effect of incretin hormones on insulin secretion).
Basal and total insulin secretion were also computed (ISR}, and
ISRy, respectively).

Insulin sensitivity/resistance was estimated at fasting by
the homeostasis model assessment—insulin resistance index,
HOMA-IR (25), and during the OGTT by the recently developed
predicted M index, PREDIM (26).
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Statistical Analysis

Comparison of glucose readings derived by SMBG and FGM was
performed according to linear regression and Clarke error grid
analyses. We also reported Bland-Altman plots.

The indices of glycemic control and glycemic variability
obtained by SMBG and FGM were compared by paired t-test.
Unpaired ¢-test was used to compare the indices between T2DM
and NODM patients, obtained by both SMBG and FGM.

By linear regression analysis we also analyzed possible
relationships among glycemic control/variability indices and
glucose homeostasis parameters.

Normality of distribution of the analyzed indices and
parameters values was tested with the Shapiro-Wilk test. In
the case of skewed distribution, values were logarithmically
transformed before performing the indicated statistical testing.
For the unpaired ¢-test, in case of inhomogeneity of parameters
variances as assessed with Levene test, appropriate correction was
performed (not-pooled standard deviation correction).

Values are presented as mean =+ standard error of the mean
(SEM), unless otherwise specified. Two-sided p < 0.05 was
considered as statistically significant. Statistical analyses were
performed in R (version 3.6.1).

RESULTS

FGM Sensor Wearing and Number of

Glucose Readings

T2DM collected pairs of concomitant glucose readings (i.e., by
both SMBG and FGM) on average for 12.5 4+ 0.6 days, and
similarly for NODM (12.0 = 0.6 days, though with readings only
during hemodialysis sessions). All patients collected readings for
at least 7 days, except for one T2DM patient (3 days, with only
interdialytic readings). Typical reason for stopping readings was
FGM sensor accidental detachment, though some patients in that
event requested to continue by wearing a new sensor (one T2DM
patient thus collecting readings for 16 days). Information on the
number of glucose readings, collected by SMBG and FGM in the
two groups, are reported in Table 1.

Comparison of SMBG and FGM Glucose
Readings

We first compared the glucose readings by SMBG and FGM
in each patient by linear regression analysis. During the
hemodialysis sessions, in T2DM, apart for the patient lacking
readings, only one patient showed not significant relationship
between SMBG and FGM (p = 0.16), probably due to the
low number of readings (8 readings only). In two patients, the
relationship was significant though not strong (R = 0.37 and 0.49,
with p = 0.04 and 0.01, respectively). In the other 16 patients
the relationship was strong, or even extremely strong (R = 0.66-
0.97, with p always <0.0001). In NODM, the relationship was not
significant in two patients (p > 0.13), significant but not strong in
one patient (R = 0.40, p = 0.03), and typically strong in the other
eight patients (R = 0.52-0.72, p < 0.01, until p < 0.0001 in some
patients). When considering the readings of all patients grouped,
the relationship between SMBG and FGM showed R = 0.77, p

< 0.0001 (R = 0.79, p < 0.0001, when excluding the three not
significant cases).

In the interdialytic periods, readings were available only for
T2DM. We found no significant relationship in two patients
(p > 0.3), whereas the relationship was strong or very strong in
the other patients (R = 0.63-0.98, p < 0.008, until p < 0.0001). In
all T2DM patients grouped, we found R = 0.80, p < 0.0001 (R =
0.83, p < 0.0001, when excluding not significant cases).

With dialytic and interdialytic readings grouped, in T2DM
the relationship between SMBG and FGM was significant for all
patients: not strong in one patient only (R = 0.30, p = 0.04), and
strong or very strong in the other 19 patients (R = 0.61-0.97, p <
0.008, until p < 0.0001).

When considering all readings of all patients, including both
T2DM and NODM, the relationship between SMBG and FGM
showed R = 0.80, p < 0.0001 (R = 0.81, p < 0.0001, excluding
not significant cases).

We also compared SMBG and FGM readings by Clarke error
grid analysis. During the hemodialysis sessions, in T2DM the
number of readings in A region ranged from a minimum of
3.4% to a maximum of 100%, with average equal to 41.8%. When
considering A+B regions, the agreement between SMBG and
FGM increased to 97.0% on average, with minimum of 80.0%. In
NODM, readings in A region were on average 36.0% (7.1-75.0%
range), whereas readings in A+B regions increased to 99.3% on
average (93.1-100% range). With all patients grouped, readings
in A region were 39.8%, and 97.8% in A+B region (Figure 1,
upper panel).

In the interdialytic periods, in T2DM the readings in A
region were on average 57.8% (4.3-100% range); in A+-B regions,
readings were on average 96.0%, with minimum of 80.0%. With
all T2DM patients grouped, readings in A region were 59.5%, and
96.1% in A+B region (Figure 1, intermediate panel).

With all readings grouped, in T2DM the readings in A region
were on average 51.2% (11.1-92.5% range), whereas in the A4+B
regions they were on average 96.6% (85.5-100% range).

When considering all readings in all patients, readings in
A region were 45.7%, and 97.6% in A+B regions (Figure 1,
lower panel).

When performing Bland-Altman plots, in each patient the
majority of samples fell within the £1.96 standard deviation
limits of agreement. Plots for all patients grouped are reported in
Figure 2, showing the great majority of samples within the limits
of agreement both during hemodialysis sessions (upper panel)
and in interdialytic periods (intermediate panel), and with all
glucose readings grouped (lower panel).

Glycemic Control and Glycemic Variability
We calculated the indices of glycemic control and glycemic
variability based on both SMBG and FGM readings (Table 2).

In T2DM during hemodialysis, Gmpan was significantly
higher when assessed by SMBG (p < 0.0001), but the more
refined indices of glycemic control (GRADE and M-VALUE)
were not significantly different (p = 0.1 and p = 0.9, respectively).
When looking to indices focused on low (LBGI) and high glucose
values (HBGI), we found again significant differences between
SMBG and FGM assessment (p < 0.0003). However, when
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Clarke's Error Grid Analysis
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FIGURE 1 | Clarke error grid analysis of SMBG and FGM readings (reference
and predicted, respectively) in all patients grouped, for readings during
hemodialysis sessions (upper panel), during interdialytic periods (only T2DM

patients; intermediate panel), and for all readings grouped (lower panel).

considering the combination of LBGI and HBGI (i.e., ADRR),
SMBG and FGM provided similar values (p = 0.33). With regard
to glycemic variability, Gsp was slightly different when assessed
by SMBG and FGM (p < 0.03), but Grangg was not different
(p = 0.21). More refined indices showed somehow contrasting
behavior, as J-INDEX and CONGA were different (p < 0.004),
whereas MAGE and AUTCORR were not, though the former
with borderline p-value (p = 0.055 and p = 0.08, respectively).

200
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FIGURE 2 | Bland-Altman plot of SMBG and FGM readings in all patients
grouped, for readings during hemodialysis sessions (upper panel), during
interdialytic periods (only T2DM patients; intermediate panel), and for all
readings grouped (lower panel); solid line is average difference (with p-value
compared to zero difference), dotted lines are 4-1.96 standard deviation (SD)
of the difference.

In T2DM in the interdialytic periods, for glycemic control
results were similar to those during the hemodialysis sessions:
GMmEeaN was different between SMBG and FGM assessment (p <
0.006), but GRADE and M-VALUE were not (p > 0.09). Again,
LBGI and HBGI were different (p < 0.002), but not ADRR
(p = 0.57). For the glycemic variability, all indices were not
different (with p ranging from 0.07 to 0.65), except for J-INDEX
(p < 0.008).

When considering all glycemic readings in T2DM, glycemic
control indices confirmed what already reported (Gymgan
different, but not GRADE and M-VALUE, and LBGI/HBGI
different, but not ADRR). For glycemic variability, J-INDEX and
CONGA were different, whereas all other indices (Gsp, GRANGE»
MAGE, AUTCORR) were not.
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TABLE 2 | Indices of glycemic control and glycemic variability derived by SMBG and FGM (upper and lower, respectively) in T2DM patients during hemodialysis sessions
(HD), during interdialytic periods (INTERD), and with all values; in NODM patients, during HD (mean £+ SEM).

T2DM in HD T2DM in INTERD T2DM (all) NODM in HD
Glycemic control
Gmean (mg/dl) 161.59 + 6.65 183.84 £ 8.15 174.43 + 6.47 126.82 + 4.16
127.00 £ 7.38 163.35 £9.23 149.40 £ 8.95 96.69 + 4.81
GRADE (unitless) 1.70+£0.24 2.86 + 0.31 2.37 £0.26 0.67 £0.10
2.89 + 0.60 2.711 £0.36 2.94 £0.39 414 + 0.91
M-VALUE (unitless) 7.93+1.78 16.51 £ 2.44 12.38 + 2.01 1.356 £0.54
8.08 +1.85 12.44 £ 2.60 11.44 + 2.30 9.01 £2.32
LBGI (unitless) 0.19 + 0.09 0.32 +£0.13 0.26 + 0.08 0.31 +0.08
2.39 +0.71 0.91 +0.27 1.61 £ 0.41 4.44 +1.04
HBGI (unitless) 6.50 + 1.04 10.70 £ 1.39 8.94 +1.11 1.54 £0.49
3.12+0.77 7.83+1.53 6.21 +1.35 0.46 +0.15
ADRR (unitless) 26.14 + 3.91 40.39 + 4.09 42.96 + 4.48 9.75 £ 2.20
27.93 +4.23 42.22 + 4.50 47.37 £ 4.67 23.05+ 3.26
Glycemic variability
Gsp (mg/dl) 41.20 £+ 4.26 52.60 £ 4.00 52.26 £+ 3.95 23.26 £ 2.97
38.21 £ 4.33 49.59 + 3.97 50.02 £+ 3.87 25.84 +£2.13
Grance (mg/dl) 1563.58 + 16.38 210.05 +£17.01 231.00 + 19.46 83.36 + 10.32
145.05 + 18.71 198.55 + 15.61 220.25 + 18.54 96.36 + 7.08
J-INDEX (10~3(mg/dl)?) 42.92 +4.40 58.14 + 5.09 53.11 + 4.41 22.96 +2.20
29.37 +4.08 47.94 £ 5.40 42.32 +£5.14 15.38 £+ 1.46
CONGA (mg/dl) 47.59 + 5.87 73.76 + 6.07 64.39 + 4.95 30.11 £ 5.58
39.81 +6.29 67.84 + 6.03 57.83 +4.94 27.38 +£2.93
MAGE (mg/dl) 93.74 +13.21 108.23 £9.43 11215 £9.72 47.88 + 6.95
85.59 + 13.67 104.48 £8.72 108.70 £9.32 52.16 £ 3.74
AUTCORR (unitless) 0.33 £+ 0.02 0.32 +0.02 0.23 + 0.01 0.34 +£0.03
0.38 + 0.03 0.34 +0.03 0.28 + 0.03 0.44 +0.05

In NODM during hemodialysis sessions, we found lack of
agreement between SMBG and FGM for the indices of glycemic
control (p < 0.02), whereas in contrast the indices of glycemic
variability were not different (p > 0.1), except for J-INDEX (p =
0.0003), probably due to the effect of Gyipan on the index values.

We then compared the indices of glycemic control and
variability between T2DM and NODM during hemodialysis
sessions (NODM lacking glucose readings in interdialytic
periods). Indices of glycemic control assessed by SMBG values
were higher in T2DM than in NODM (p < 0.0007), except
for LBGI (p = 0.15). Indices assessed by FGM showed similar
behavior for Gyean (p = 0.007) and HBGI (p = 0.03), whereas
other indices did not reach statistical significance (p > 0.06),
though LBGI and ADRR showed similar tendencies to the
corresponding indices assessed by SMBG.

Indices of glycemic variability assessed by SMBG were higher
in T2DM (p < 0.03), except for AUTCORR (p = 0.68). Indices
assessed by FGM essentially confirmed the SMBG-based results
(p < 0.03), with only CONGA not reaching statistical significance
(p = 0.10).

Notably, when all glucose readings are considered in T2DM,
according to SMBG all indices of glycemic control and
variability were different than in NODM (p < 0.0005), and
FGM showed excellent agreement [significant difference for all

indices of glycemic variability and four indices of glycemic
control (p < 0.007), with only GRADE and M-VALUE not
different (p > 0.17)].

OGTT-Derived Parameters and
Relationships With the Indices of Glycemic

Control and Variability

Table 3 reports the values of the OGTT-derived parameters, with
indication of possible relationships with the indices of glycemic
control and variability (assessed by glucose readings during
hemodialysis sessions only, or by all glucose readings).
Relationship between an OGTT parameter and the indices
of glycemic control and variability was assumed as uncertain
if at least one relationship was found significant, and it was
assumed as present in the case of significant relationship with
two or more indices, separately for the indices of glycemic control
and glycemic variability (considering the indices computed from
at least one between SMBG and FGM; Table 3). Generally,
few relationships were found significant. The most evident
relationship was observed between total insulin secretion, ISR,
and glycemic variability, with significant inverse relationship
with Gsp, Grange, and MAGE, showing relatively high R-
value, ranging from —0.72 to —0.79 with p from 0.02 to 0.007
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TABLE 3 | OGTT-derived parameters (mean + SEM), and their relationships with
the indices of glycemic control (GC) and variability (GV).

Relationship Relationship

with GC with GV
Beta-cell function and insulin secretion
Gsens (pmol min~' m=2 mM~")  35.84 + 10.90 Uncertain Uncertain
Rsens (pmol m—2 mM—1) 662.54 + 503.42  Uncertain No
PFR (unitless) 0.88 + 0.07 Uncertain No
ISRy (pmol min~! m=2) 444.35 + 51.11 Uncertain No
ISR; (nmol m=2) 94.77 £ 12.06 Uncertain Yes
Insulin sensitivity/resistance
HOMA-IR (unitless) 4.77 £2.50 No No
PREDIM (mg kg~" min—T) 3.65 +0.33 No No

No, no relationship with any index; Uncertain, relationship with at least one index; Yes,
relationship with two or more indices.

(Figure 3). Notably, these three significant relationships were
found with the indices computed by FGM.

DISCUSSION

In this study, we assessed the performance of the FreeStyle
Libre FGM system in hemodialysis patients, by comparison
to glucose readings obtained by SMBG. In fact, it is well
known that there may be a time lag between glucose readings
in blood and in the interstitial fluid (27). In addition,
hemodialysis patients may undergo volume changes among
the intracellular, interstitial, and intravascular compartments,
especially during hemodialysis sessions (28), but partially also
in the interdialytic periods due to factors such as systemic
inflammation, endothelial dysfunction, hypoalbuminemia, and
increased capillary permeability, leading to intravascular fluid
overload (29). These phenomena may further affect the possible
difference between glucose measurement in blood and in
the interstitial fluid. Thus, a detailed analysis of the FGM
performance compared to SMBG appeared appropriate.

In our study, we found very good agreement between SMBG
and FGM, as assessed by linear regression, Clarke error grid
and Bland-Altman analyses. In the Clarke error grid analyses,
in all patients grouped and considering both hemodialysis and
intradialytic readings, 97.6% of the readings fell within the A4+B
regions, i.e., within the regions typically considered as clinical
acceptable (30). Results essentially similar (even slightly better)
were found with Parkes error grid analysis (31), with 98.6% of all
readings in A+B regions (53.2% in A, 45.4% in B), the remaining
1.4% in C region, and none in D or E regions (details not shown).
It is also worth noting that, with regard to regression analysis over
all patients grouped, we also performed adjustment for repeated
measures (to account for the several readings in each patients)
by calculation of the marginal coefficient of determination for
generalized mixed-effect models (that is, a pseudo-R-squared
value), and found however results very similar to those of the
traditional linear regression (details not shown).

Ggp, (mg/dl)
&

! 10 60 80 100 120 140 160

300
250

200

Ggange: (mg/dl)

150

100

% 60 80 100 120 140 160
140
120
100

80

MAGE (mg/dl)

60°

40

Mo 60 80 100 120 140 160
ISR, (pmol min’! m2)

FIGURE 3 | Linear regression plot between ISR; and Gsp (upper panel),
Grange (intermediate panel), and MAGE (lower panel).

Based on SMBG and FGM readings, we also computed several
indices of glycemic control and variability. Some indices were
not significantly different when computed with either SMBG
or FGM, whereas others showed lack of agreement. Especially,
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more considerable differences were found for the basic indices
rather than the more refined ones, this suggesting that such type
of analyses should not be limited to the basic indices. On the
other hand, it should be acknowledged that, when computing
several indices, some may be interrelated (i.e., not statistically
independent), and hence caution should be used when including
them in some types of statistical analyses that may suffer for
problems of multicollinearity among variables. This possible
drawback was however not applicable to the analyses performed
in our study.

It should also be observed that somehow greater lack of
agreement was observed in NODM patients. This may be due to
the reason that these patients typically do not perform SMBG,
thus some inaccuracies in the SMBG readings may have derived
by not totally appropriate execution of such readings. It is known
in fact that some patient’s related factors may affect the accuracy
of SMBG (32), though it should be observed that patients were
typically helped to perform the readings during hemodialysis,
thus possible inaccuracies may be due to other factors. At any
rate, some degree of inaccuracy in the glucose readings may
have influenced the results of our comparisons, especially when
comparing the glycemic control and variability indices rather
than the single glucose readings, due to the much lower number
of samples available for comparison in the first case. In spite of
this, when comparing glycemic control and variability indices
between T2DM and NODM, we found substantial agreement
between results obtained by SMBG and FGM. In future studies
we plan to investigate in details the reasons for the reported
partial disagreement observed particularly in NODM patients.
Specifically, an aspect that needs further analysis is the range
of variation of the time lag between the interstitial and blood
glucose concentrations.

In a subgroup of patients that agreed to undergo an OGTT
during one of the hemodialysis sessions, we analyzed possible
relationships between glycemic control and variability indices
with the main parameters of glucose homeostasis (insulin
sensitivity/resistance, and pancreatic insulin secretion/beta-cell
function). Of note, we calculated insulin sensitivity/resistance
both at fasting (insulin resistance: HOMA-IR) and during
the OGTT (insulin sensitivity: PREDIM), since they may
describe somehow different physiological processes. In fact,
it has been reported that fasting insulin resistance may
particularly reflect hepatic insulin resistance, whereas OGTT-
based insulin sensitivity may be mainly related to peripheral
insulin sensitivity (33).

The majority of the relationships between glycemic control
and variability indices and the OGTT parameters was found as
not significant, but we observed a marked inverse relationship
between total insulin secretion and some indices of glycemic
variability. Few studies provided overall analyses of glucose
homeostasis in hemodialysis patients, with special attention to
both insulin sensitivity/resistance and beta-cell function, and to
our knowledge none explored the possible relationships between
glycemic control/variability and the parameters of glucose
homeostasis. However, our findings appear consistent with some
previous studies in different populations (i.e., not with renal
diseases) where similar inverse relationship between glycemic

variability and insulin secretion/beta-cell function was observed,
likely due to the fact that the fluctuations of blood glucose
can lead to deterioration of the beta-cell function (possibly
due to beta-cell apoptosis caused by damage to cellular defense
homeostasis), though on the other hand an increase in glucose
fluctuations may also be a consequence of defective beta-cell
function (34-38).

To our knowledge, very few studies used FGM in patients
undergoing hemodialysis (7-9, 39). In the first of those studies
(7), 32 patients, both with and without diabetes, were studied.
However, FGM performance was not assessed in comparison to
another methodology for glucose measurement. Furthermore,
the analysis of both glycemic control and variability was
extremely limited. In the second of the indicated studies (8), ten
hemodialysis patients with type 2 diabetes were studied, whereas
non-diabetic patients were not included; also, the analysis of the
FGM readings was limited to 24 h only, and again without any
comparison to glucose readings obtained with another approach.
Furthermore, similarly to the previously indicated study (7),
the assessment of glycemic control and variability was limited.
Similar limitations hold also for the other two indicated studies
(9, 39), with regard to glucose readings duration and study
population (thirteen patients with type 2 diabetes, again without
non-diabetic patients), though in these studies it has to be
appreciated the concomitant use of both FGM and CGM systems,
in addition to SMBG monitoring. In our study, CGM system was
not used, for reasons of project cost containment, and to limit the
burden and discomfort of the study to the patients. In another
study (40), FGM was used in 18 hemodialysis patients with type
2 diabetes, but the focus was on glycated hemoglobin, as FGM
readings were used to compute an estimated glycated hemoglobin
value (eHbA1c) to be compared with eHbA1c derived by glycated
albumin, BMI, and hemoglobin.

Of note, even considering the use of the CGM approach
(i.e., no FGM), a relatively limited number of studies focused
on the assessment of both glycemic control and variability in
hemodialysis patients (10-16). In the first of those studies (10),
glycemic variability was found higher in patients with type
2 diabetes compared to non-diabetic patients (in agreement
with our findings), though analysis was limited to 72 h. Similar
limitation holds for the second of the indicated studies (11)
(48h of monitoring), and in addition only patients with type
2 diabetes were studied. The following two studies (12, 13),
similarly included only patients with diabetes, though CGM
was performed both during hemodialysis sessions and in the
interdialytic periods. In the last three studies (14-16), CGM was
performed with the main purpose to assess the effect on glycemia
of pharmacological interventions, with population again limited
to patients with diabetes. It should also be noted that all these
studies did not report detailed analysis of glycemic control
and variability, often presenting basic indices and only rarely
some more refined indices (typically, MAGE). In some other
studies glycemic control/variability was assessed by traditional
methodologies (i.e., neither CGM nor FGM) (41-45), though
again with the indicated limitations in the analysis. One study
(46) reported glycemic variability information over a long time
period, but with extremely sparse data; it was found that higher
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glycemic variability is associated with increased mortality risk in
patients with diabetes undergoing hemodialysis.

In our study, we calculated several indices of both glycemic
control and variability. Nevertheless, it should be acknowledged
that many other indices may be computed [as reported, for
instance, in studies (21, 22)]. However, for brevity and hence
better readability, as well as to limit possible redundancy, we
selected for the analyses those indices that, to our knowledge, are
more common or more informative, also based on some of our
previous studies (47-49).

The study has some limitations. First, the number of
patients included in the study was not large, but this mainly
depends on the difficulty in identifying appropriate subjects,
i.e., hemodialysis patients matching all the inclusion criteria and
willing to participate to the study. It should also be noted that the
number of patients of our study was nonetheless typically higher
than that of previous relevant studies in the field (7-16, 39), with
only a couple of studies having similar or slightly higher number
of participants [i.e., 38 and 46 subjects (7, 10)].

In addition, it should be acknowledged that not all patients
collected the same number of glucose readings, but this is
expected in such kind of studies. Also, in some occasions,
consecutive glucose readings were separated by a considerable
time interval (particularly in the interdialytic periods), and this is
not optimal condition for the assessment of glycemic control and,
especially, glycemic variability. Furthermore, NODM patients
collected glucose readings only during the hemodialysis sessions,
but this was due to the reason that, when preparing the study
protocol, investigators agreed that in NODM patients very
poor compliance may have been obtained for SMBG outside
the Hospital.

It should also be acknowledged that glucose readings in blood
were obtained by SMBG and not by laboratory glucose analyzer.
However, since we collected glucose readings not only during
hemodialysis sessions (i.e., at the Hospital), but also during the
interdialytic periods (at least in T2DM patients), SMBG was a
necessary choice.

As regards the OGTT, a first limitation was the lack of
overnight fasting before its execution. Indeed, the majority of
the hemodialysis sessions (OGTT was performed during one
of them) were programmed in the afternoon, and hence it was
unfeasible asking for totally fasting condition. Nonetheless, it was
asked not to eat or drink in the 3 h before the hemodialysis plus
OGTT session. Notably, in NODM patients, when inspecting
glycemic values at 0 min of the OGTT (i.e., immediately before
the glucose ingestion), we found on average 89.6 mg/dl, and
not exceeding 100 mg/dl. On the other hand, glycemic values
below 100 mg/dl identify normal glucose tolerance in fasting
condition (50). Thus, the low glycemic values observed in NODM
after at least the three hours of fasting may suggest that in our
hemodialysis patients a condition similar to actual fasting was
reached before the OGTT.

Another limitation was related to the assessment of the
OGTT-based insulin secretion and beta-cell function. In fact,
this requires the knowledge of the C-peptide kinetics (including
C-peptide clearance), which is obtained by the method of Van
Cauter et al. through simple patient’s information (such as

anthropometric data) (51). However, since C-peptide is mainly
cleared by the kidneys (52), in patients with end-stage renal
disease the method of the study indicated above (51) may
not be totally accurate. On the other hand, to our knowledge
there is no method to derive information on C-peptide
kinetics specific for patients with end-stage renal disease, unless
extremely invasive approaches are used. Furthermore, it should
be noted that performing the OGTT during a hemodialysis
session should have limited the indicated problem, as in that
period the kidneys function is at least partially replaced by
the treatment.

In the OGTT, possible confounding factor may also be the
presence of glucose in the dialysate, this having advantages
and disadvantages. In fact, study (53) reported that some
decades ago dialysate glucose was used even at extremely
high concentration values (up to 100 mmol/l), since osmotic
ultrafiltration (with sodium and glucose being the major
osmoles) was the main mode of volume removal. Subsequently,
ultrafiltration by hydrostatic pressure was found superior to
osmotic ultrafiltration and the concentration of dialysate glucose
was decreased. Indeed, concerns in using glucose in the dialysate
included hypertriglyceridemia, risk for less effective potassium
removal, and possible bacterial/fungal growth in the dialysate. In
addition, hyperglycemia can activate inflammatory pathways by
different mechanisms. Glucose can react with several substrates
to form advanced glycosylation end-products that subsequently
lead to oxidative stress and activation of proinflammatory
cytokines (54), and this has been suggested to be linked with
increased mortality in end-stage renal disease patients (55).
On the other hand, glucose-free dialysate determines risk for
hypoglycemia (especially in diabetic patients taking insulin)
and greater amino acid losses due to induction of a catabolic
state (53). It was also reported that glucose-added dialysate
was superior to glucose-free dialysate in the protection of the
central nervous system of hemodialysis patients (56). Thus,
in our study we used glucose-added dialysate, though not at
high concentration (5.6 mmol/l), as a compromise among the
discussed advantages and disadvantages of dialysate glucose. Of
course, this can have affected the plasma glucose concentration
values measured during the OGTT, thus leading to possible
bias in the calculation of some glucometabolic parameters. On
the other hand, since the dialysate glucose was the same in all
patients, we expect that the main results of the OGTT analysis
were not strongly affected.

In conclusion, in the present study we have used the FreeStyle
Libre FGM monitoring system in patients undergoing chronic
hemodialysis treatment, both with and without type 2 diabetes.
To our knowledge, this is the first deep analysis of FGM
performance in hemodialysis patients with diabetes and diabetes-
free. When compared to SMBG readings taken as reference, we
found very good agreement in the glucose readings obtained
by the two approaches, both during the hemodialysis sessions
and in the interdialytic periods. Thus, based on our dataset, we
suggest that FGM should be adequate for glucose monitoring
in patients undergoing chronic hemodialysis. We also aimed to
evaluate glycemic control and variability, whose importance in
hemodialysis patients has been clearly established (especially in
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the presence of type 2 diabetes), and to our knowledge this is
the first study in hemodialysis patients with detailed assessment
of both these glycemic aspects. We found that some indices of
glycemic control and variability provided similar information
when computed by SMBG and FGM readings, whereas others
revealed some lack of agreement. Future studies should
investigate the reason for such possible disagreement. However,
when comparing T2DM to NODM patients, as expected
we observed in the former higher values for both glycemic
control and variability indices. Finally, we also investigated
possible relationships between glycemic control/variability and
glucose homeostasis (insulin sensitivity/resistance and insulin
secretion/beta-cell function). We found a marked relationship
between some parameters of glycemic variability and the total
insulin secretion, and this was the first study reporting this
information in hemodialysis patients. This suggests that in
such patients a glucose tolerance test may be complementary
to glycemia assessment to get a comprehensive picture of the
glucometabolic condition.
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