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Abstract

Patients with type 1 diabetes mellitus (T1DM) develop microvascular complications during the course of the disease. Oxi-
dative stress is the main mechanism of the microvascular damage. Currently no specific and reliable laboratory tests are
available for screening of early microvascular changes. 56 patients with TIDM were included. We measured their serum
levels of malonyl dialdehyde and reactive aldehydes with chain lengths C,—C ;. which are known to be generated during
lipid peroxidation, a process associated with oxidative stress. Serum levels of aldehydes were compared with the parameters
of microvascular reactivity (MVR) examined by laser Doppler flowmetry and with the parameters of blood glucose control
(glycated hemoglobin, glycemic variability using continuous glucose monitoring). In this cross-sectional observational study,
higher levels of reactive aldehydes were associated with impaired skin MVR in T 1DM. However, the parameters of glucose
control were not associated with lipid peroxidation or MVR in our study. Therefore, we suggest that other than simple gly-
cemic mechanism may be more important in the process of reactive aldehyde generation in TIDM.
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Introduction
54 Tomis Pelcl Oxidative stress plays an important role in the development
tom@pelcl.cz of diabetes complications [ 1, 2]. It was hypothesized that
Extended author information available on the last page of the article high glucose variability (GV), the typical clinical feature of
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type 1 diabetes mellitus (T 1DM), may, beyond hyperglyce-
mia, additionally contribute to the generation of oxidative
stress [3]. Although it may be useful to identify diabetic
patients at high risk of vascular complications using bio-
markers and/or functional tests of circulation, no simple and
reliable tests exist so far. To contribute to the development
of such test(s), we performed a novel combined approach
including parameters of glucose control, functional tests of
microvascular system, and serum biomarkers of oxidative
stress.

Glucose control, a tool for evaluating the effectiveness
of diabetes treatment, can be measured in several differ-
ent ways. Glycated hemoglobin (HbA ) is a parameter of
long-term glucose control. It reflects average glucose lev-
els for past several months and is used as a gold standard
for evaluating the patient’s overall glucose control. HbA |
is widely used and its correlation with long-term diabetic
complications is well established [4]. However, HbA,_ does
not reflect the short-term GV, which may be associated with
chronic diabetes complications [2, 5, 6], by promoting oxida-
tive stress [3]. High glucose variability is directly linked to
the risk of hypoglycemia, contributing to the development
of endothelial dysfunction |7]. Short-term glucose variabil-
ity can be assessed in several ways. The most precise way
is the analysis of the data from continuous glucose moni-
toring (CGM) using standard deviation (SD), coefficient of
variation (CV), or various calculations. such as continuous
overall net glycemic action (CONGA) or mean amplitude of
glycemic excursions (MAGE) [8].

Functional tests of vascular system reflecting microvas-
cular reactivity (MVR) can be assessed by evaluating the
changes in the microvascular flow after ischemic (occlusive)
or thermal stimulation. These non-invasive tests may detect
impaired MVR in patients with endothelial dysfunction
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Fig.1 Negative association between PORH (expressed in % of
basal perfusion) and serum levels of octanal (ng cm™); r = — 0.48,
p=0.0006
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caused by diseases such as diabetes mellitus [9] or chronic
kidney disease [10].

Oxidative stress itself is a complex mechanism, which can
be defined as an imbalance between oxidative and antioxi-
dative processes in the body. Several biomarkers acting as
by-products during reactions involving oxidative stress can
be measured. Malonyl dialdehyde (MDA) and other reac-
tive aldehydes formed by lipid peroxidation with C-chain
length from 6 to 12 (i.e., hexanal to dodecanal) have been
associated with oxidative stress [11]. Biomarkers of oxida-
tive stress are elevated in patients with TIDM [12], however,
their role is complex and not yet fully understood.
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Fig.2 Negative association between PORH (expressed in % of basal
perfusion) and serum levels of MDA (ng em ™). r = — 0.30, p=0.035
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Fig.4 Negative association between time to maximal perfusion dur-
ing PORH (s) and serum levels of decanal (ng em™); r = — 0.39,
p=00123
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Fig.5 Megative association between time to maximal 11121'ﬁ.15:||3]'| dur-
ing PORH (s) and serum levels of undecanal (ng em™); r = — 0.46,
p=0.001

Results and discussion

Skin MVR was measured by laser Doppler flowmetry. The
changes in perfusion in post-occlusive reactive hyperemia
(PORH) were negatively associated with serum levels of
octanal and MDA (r=— 048, p=0.0006 and r=- 0.3,
p=0.035, respectively), as shown in Figs. | and 2.

Time to maximal perfusion during PORH was nega-
tively associated with serum levels of nonanal, deca-
nal, and undecanal (r=— 0.35, p=0.0143; r=— 0.39,
p=0.0123; and r=- 0.46, p=0.001, respectively),
Figs. 3,4 and 5.

MVR changes in perfusion measured during skin ther-
mal hyperemia (TH) were negatively associated with
serum levels of octanal and MDA (r=— 0.55, p <0.0001
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Fig.6 Megative association between skin TH (expressed in % of
basal perfusion) and serum levels of octanal (ng cm'z); r=— (.55,
p=0.00001
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Fig.7 Megative association between skin TH (expressed in % of
basal perfusion) and serum levels of MDA (ng em™); r = — 0.43,
p=0.0011

and r=— 043, p=0.001, respectively), as presented in
Figs. 6 and 7.

On the other hand. no associations between the serum
levels of measured aldehydes and any parameters of glu-
cose control, i.e., HbA [, (r=— 0.02, p=0.88), mean glu-
cose calculated from CGM (r=—- 0.03, p=0.86), total SD
of CGM glucose (r=— 0.09, p=0.53), or CV of CGM glu-
cose (r=—0.04, p=0.78) were found. Similarly, param-
eters of MVR (TH) were not associated with parameters of
glucose control i.e., HbA | (r=—0.09, p=0.53), or SD of
CGM (r=- 0.04, p=0.8). This was already described in
the previous study [13] with patients with type 2 diabetes
mellitus (T2DM) though.

Markers of oxidative stress are nonspecific for diabetes,
as higher levels are observed in several different conditions
such as aging [14], arterial hypertension, arthritis, age-
related cataract, bronchial asthma, or pneumoconiosis due
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to carcinogenic dust asbestos and silica [ 15, 16], and lung
exposure to nanoparticles during iron oxide pigment produc-
tion in industrial workers [17]. Several of these conditions
are related to endothelial dysfunction caused by oxidative
stress, often combined and interrelated, as in our previous
study with chronic 2, 3, 7, 8-tetrachlordibenzo-p-dioxin
(TCDD) intoxication of patients. In that study, 62.5% of
patients develop T2DM in contrast with comparable Czech
male population with only 17.6% of subjects. These patients
also had elevated MDA and other reactive aldehydes. Due to
its long half-life (8—10 years), both TCDD body deposit and
high blood levels still persist and induce oxidative damage
[18. 19]. Accordingly, the follow-up of this group of patients
also showed impaired results of MVR using the same meas-
urement techniques of laser Doppler flowmetry [20]. This
illustrates the complex mechanism of oxidative damage and
its influence on metabolic impairment, therefore, further
research is needed.

Conclusion

In our cross-sectional observational study, a positive asso-
ciation of the levels of reactive aldehydes originating in lipid
peroxidation with the impairment of skin MVR in TIDM
was found. However, the parameters of glucose control and
GV were not associated with lipid peroxidation markers or
MVR in these patients. We, therefore, suggest that other
than simple glycemic mechanisms may be probably more
important in the process of reactive aldehydes generation in
TI1DM. As our study was not designed to prove the causality
between the lipid peroxidation and the vascular dysfunc-
tion, further research should evaluate the role of reactive
aldehydes in the development and/or prediction of diabetic
vascular complications.

Materials and methods

We included 56 TIDM patients (22 males, 34 females), mean
age 32+ 8 years, HbA |- 62+ 12 mmol mol~ ! (7.8+1.5%
DCCT), TIDM duration 14 + 6 years, with body mass index
24.1+2.8 kg m % Serum levels of reactive aldehydes and
MDA were measured by liquid chromatography—electro-
spray ionization—tandem mass spectrometry (LC-ESI-MS/
MS). Masked CGM collected glucose data for 12 consecu-
tive days to evaluate mean blood glucose and parameters of
GV (standard deviation—SD, coefficient of variation—CV,
and continuous overall net glycemic action—CONGA).
CGM device iPro2 (Medtronic, USA ) were used.

Skin MVR was measured by laser Doppler flowmetry
(PeriFlux PF 4001 Master laser instrument and a PeriTemp
4005 Heater thermostatic unit, Perimed, Sweden) on the

@ Springer

forearm of the non-dominant upper extremity during post-
occlusive reactive hyperemia (PORH) and during thermal
hyperemia (TH). Basal perfusion was measured for 2 min
before the PORH test. The brachial artery was then occluded
by a sphygmomanometer cuff inflated to a suprasystolic
pressure for 3.5 min. We recorded maximal perfusion during
hyperemia (PORH__,,) measured in perfusion units (PU) and
time needed to reach maximal perfusion (PORH,) measured
in seconds).

Perfusion during TH was measured as a % of basal perfu-
sion, after a 5 min heating of the forearm to 44 °C by a ther-
mostatic unit. Percent change in flow was calculated from
baseline to the peak value during stimulations.
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Abstract

Objective: To compare different treatment modalities for patients with type 1 diabetes (T1D) based on real-time
continuous glucose monitoring (RT-CGM) or self-monitoring of blood glucose (SMBG) combined with mul-
tiple daily injections (MDIs) or continuous subcutaneous insulin infusion (CSII).

Research Design and Methods: Sixty-five T1D patients were followed up for a year. Of these, 27 started RT-
CGM as part of a sensor-augmented insulin regimen (SAIR); within this SAIR group, 15 subjects started sensor-
augmented pump (SAP) therapy and the remaining 12 continued with MDIs (MDIs + RT-CGM). A second group
of 20 patients initiated CSII without RT-CGM, while a third group of 18 subjects continued on MDIs and SMBG.
The main endpoints were reduction of HbA, ., glycemic variability (GV), and incidence of hypoglycemia.
Results: After a year, the baseline mean HbA, . in the SAIR group (8.3%) decreased to 7.1% (P <0.0001); both
SAIR subgroups, SAP and MDIs + RT-CGM, showed comparable improvement. The CSII group also had reduced
HbA,,. (8.4%+09% vs. 7.9% +£0.7%; P<0.05). Both SAIRs were superior to MDIs (P=0.002) and CSII
(P=0.0032). GV was also lowered, both in the SAIR (P< 0.0001) and CSII (P <0.05) groups. Reduced incidence
of hypoglycemia was observed only with SAIR (8% £4% vs. 6% £ 3%:; P<0.01).

Conclusion: Both SAIRs, SAP and MDIs + RT-CGM, provided significant and comparable decrease of HbA .
with concurrent reduction of hypoglycemia. This improvement was greater than that seen with CSII. The
combination of RT-CGM and MDIs can be a suitable altemative to SAP for some patients.

Introduction

THERE HAVE BEEN many advances in diabetes care tech-
nologies in the last few years. which have resulted in
new opportunities for diabetes treatment. Despite some en-
couraging results, metabolic control remains suboptimal in
most patients with type 1 diabetes."

Successful treatment of type 1 diabetes requires both a
precise insulin delivery system and reliable glucose monitor-

ing systems. For delivery systems, the two most common are
multiple daily injection (MDI) and continuous subcutaneous
insulin infusion (CSII) therapies.™ With both strategies, bolus
insulin is dosed based on several factors, including carbohy-
drate content and glycemia. There are also two common
monitoring systems: classical self-monitoring of blood glucose
(SMBG) and real-time continuous glucose monitoring (RT-
CGM). With SMBG, evenif frequent monitoring is performed,
some potentially important trends are always missed because

:3rd Department of Internal Medicine, 1st Faculty of Medicine, Charles University in Prague, Czech Republic.
“Department of Paediatrics, 2nd Faculty of Medicine, Charles University in Prague, Czech Republic.
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they occurred between two measurements. In contrast, CGM
gives the concentration of glucose in subcutaneous tissue ap-
proximately every 5 min and therefore provides much more
data.* including glucose trends, to which patients can react to
prevent hyper- and/or hypoglycemia.

Despite limited data, it is commonly believed that optimal
diabetes management can best be achieved when an RT-
CGM is used in combination with insulin pump therapy—
sensor-augmented pump (SAP) therapy.” Tt has been reported
that SAP improves glycemic control,®7 reduces time spent in
hypoglycemia, increases time spent in the target zone,”* and
decreases glycemic variability (GV).>10

In contrast, the efficacy of the combination of real-time
CGM with MDIs is less described. Moreover, the accuracy
and usability of CGM have gradually improved. Therefore,
we need data from clinical studies with the newer generation
of CGM devices. Finally, prospective studies simultaneously
comparing head-to-head the different combinations of insulin
delivery and monitoring systems—MDIs + SMBG, MDlIs +
RT-CGM, CSIT + SMBG, and SAP—are lacking. Such a
study would help to elucidate whether the observed benefit of
SAP use is secondary to the RT-CGM technology, the type of
insulin delivery, or both.

The aim of the study was to compare the efficacy of long-
term use of sensor-augmented insulin regimens (SAIRs), that
is, RT-CGM combined with either CSII or MDIs, on gly-
cemic control compared with more common schemes based

on classical SMBG.

Research Design and Methods
Study population

Sixty-five patients with type 1 diabetes were enrolled at the
3rd Department of Internal Medicine, Ist Faculty of Medi-
cine, Charles University in Prague, Czech Republic. All
subjects provided written informed consent before enroll-
ment. Participants were included if they were aged >18 years,
had a duration of diabetes of more than 2 years, and had an
HbA,, level between 7.0% and 10% (53 and 86 mmol/mol ).
Only patients with insulin analogs were enrolled in this study.
Subjects who had used CGM during the past 3 months were
excluded from the study. Patients with ketoacidosis within
the past 3 months and/or severe noncompliance and/or
any concomitant therapy influencing glucose metabolism,
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pregnant women, and women planning pregnancy were not
allowed to participate either. Patients were divided into three
groups with comparable baseline parameters (Table 1), tak-
ing into account their preferences and diabetologist’s rec-
ommendation. At the baseline, 27 patients started to use
RT-CGM as part of an SAIR, 20 patients initiated CSII
therapy (without RT-CGM), and 18 patients continued on
MDIs and SMBG only.

In the SAIR group, after a further consultation with the
diabetologist, subjects could choose a combination of RT-
CGM with either an insulin pump (SAP) or MDIs. Fifteen of
them started to use SAP and the remaining 12 continued with
MDIs (MDIs + RT-CGM).

A prerequisite for participation in the SAIR group was the
willingness to use sensors >70% of the time. Similarly, pa-
tients in the groups without CGM had to be willing to monitor
their glucose (SMBG) at least four imes a day.

Study procedures

This was a nonrandomized, prospective. real-life clinical
trial. Subjects were scheduled for a total of seven clinic visits
(initial, at 2 weeks, 1 month, then 3, 6, 9, and 12 months).
Initially, all patients were monitored by professional CGM
(iPro2™; Medtronic, Northridge, CA) for 6 days. Throughout
the study, subjects in the groups not using SAIR had profes-
sional CGM every 3 months. Participants in the CSII group
waore one of two types of insulin pumps, MiniMed Paradigm
Veo (Medtronic) and Animas Vibe (Amimas Corporation,
West Chester, PA). Participants in the SAP subgroup used
either the MiniMed Paradigm Veo System with Enlite sensors
( Medtronic) or Animas Vibe system with DexCom G4 sensors
(Dexcom, San Diego, CA). The subgroup of patients with
MDIs + RT-CGM used a DexCom G4 CGM system com-
prising a 7-day transcutaneous sensor, a transmitter, and a
receiver. The patients were provided with a personal blood
glucose meter (OneTouch [LifeScan, Milpitas, CA] or CON-
TOUR™ LINK [Bayer Diabetes Care, Basel, Switzerland]),
which was used for diabetes self-management purposes and
calibration of CGM. At the baseline, all subjects underwent a
structured 4-day training program. In the first part of this
program, specialists reviewed general principles of type 1 di-
abetes management. Patients were educated on how to prevent
hypoglycemia and deal with it in a variety of situations. They

TaBLE 1. BASELINE CHARACTERISTIC OF PATIENTS

SAIR group
CSIf + SMBG MDIs + SMBG

Characteristic Al SAP therapy MDIs + CGM group group
No. 27 15 12 20 18
Male [n (%)) 16 (59) 9 (60) 7 (58) 11 (55) 9 (50)
Age (years) 34+10 33110 34+10 3549 38+17
Duration of diabetes (vears) 15+9 159 16210 13210 1419
HbA . (mmol/mol) 67.5+10 6619 69.3+8 67.919 67.2+9
HbA . (%) 8349 82409 85+1.1 84108 83+08
Mean sensor glucose (mmol/L) 10.7+1.5 104+1.4 109+ 1.6 10.7+1.2 10.6+1.4
BMI (kg/m~) 25+3 2543 25+3 26+4 24+3

Values are presented as mean= 8D, P values <0.05 are statistically significant.
CGM, continuous glucose monitoring; CS1I, continuous subcutaneous insulin infusion; MDIs, multiple daily injections; SAIR, sensor-
augmented insulin regimen; SAP, sensor-augmented pump; SMBG, self-monitoring of blood glucose.
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were informed about the appropriate timing of preprandial
insulin dosing. All patients underwent theoretical and practical
education in carbohydrate counting and were encouraged to
use flexible dosing of insulin throughout this study. Only pa-
tients in the SAIR and CSII groups completed theoretical
training on the relevant devices, followed by treatment initi-
ation and practical training with investi gators.

Participants on SATR were encouraged to make self-
adjustments to their treatment using CGM values, hyper- and
hypoglycemic alerts and trends, and also to incorporate results
of SMBG into treatment changes. The target range for glucose
was usually initially relatively wide, but we emphasized to
patients that its successive narrowing is usually necessary for
reduction of mean blood glucose and GV. An important part of
the training was management of problems with CGM (trou-
bleshooting) related to sweating, skin reactions, alarm settings,
and appropriate calibration according to the type of CGM
system. We highlighted to patients the importance of regular
downloading and review of the data from CGM devices and
insulin pumps. A bolus calculator was set for all patients with
insulin pumps. Subjects in non-SAIR groups were encouraged
to measure their blood glucose at least four times a day. All
patients were instructed to use only the study blood glucose
meter provided to them for all SMBG measurements taken

SOUPAL ET AL.

during this trial. Data from all CGM systems, insulin pumps,
and blood glucose meters were downloaded for analysis.

Prespecified outcomes

The primary endpoint was the difference in HbA . between
the groups after 52 weeks of follow-up. HbA | values were
measured at the baseline, then every 3 months, and at the end
of this wial. HbA,. was analyzed by a high-performance
liguid chromatography method on a Variant I analyzer (Bio-
Rad, Hercules, CA). The normal reference range of HbA,. in
our laboratory is 4.0%—6.0% (20—42 mmol/mol).

Prespecified secondary endpoints were changes of GV
expressed by the total standard deviation of blood glucose
(SDy), average daily glucose from CGM, % of time spent in
range (4.0-10.0 mmol/L), and the incidence of hypoglycemia
(% of time below 3.9 mmol/L).

At each clinic visit, patients were screened for adverse
events and sensor insertion sites were inspected. Severe hy-
poglycemia was defined as an episode requiring assistance
from another person or neurological recovery in response to
restoration of plasma glucose to normal. Ketoacidosis was
defined as an episode of hyperglycemia (>14mmol/L) with
low serum bicarbonate (<15 mmol/L), low pH (<7.3), or both

TapLE 2. INSULIN TREATMENT PATTERNS, SELF-MONITORING OF BLooD GLUCOSE, AND Bopy WEIGHT
AT THE BASELINE AND AT THE END OF THE STUDY

At the baseline At the end P 95% CI
No. of boluses/day (n)
SAIR group 4.0+07 6.8+2.2 <0.0001% 1.8679 to 3.6860
SAP 4.0+£0.8 72423 <0.0001% 1.9379 to 4.6335
MDI + CGM 4.0+£05 6242 0.002 0.9308 to 3.4359
CSII 4.1+038 47+14 0.08 —0.08277 to 1.3628
MDIs 39+038 3.9+0.8 0.83 —0.6024 to 0.4847
Relative proportion of bolus insulin (%)
SAIR group 4047 5345 0.004% 1.5371 to 7.8200
SAP 49+7 5444 0.03% 0.3877 to 9.4790
MDI + CGM 48+ 6 5345 0.07 —0.3165 to 9.08588
CSII 5019 5247 0.38 —2.8715 to 7.3715
MDIs 505 5246 0.45 -2.3613 to 5.2502
The total daily dose of insulin (U)
SAIR group 46+ 12 48+13 0.58 —4.9325 to 8.7843
SAP 45+ 12 47+13 0.65 —7.2315 to 11.3648
MDIs + CGM 48+ 12 5013 0.75 —9.3076 to 12.8076
CSII 48+ 13 47+13 0.98 —8.2209 to 8.0209
MDIs 47+ 14 48+14 0.85 —8.5492 to 10.3270
Frequency of SMBG/day (n)
SAIR group 3.8+12 32+1.0 0.049% —1.1759 to —-0.0019
SAP 37+08 36+1.0 0.84 —(0.7408 to 0.6074
MDIs + CGM 39+1.6 2.7+0.6 0.02% —2.2431 to —0.2402
CSII 3.6+07 36107 0.95 —0.5001 to 0.4686
MDIs 3.6+13 3714 0.88 —(0.8935 to 1.0346
Body weight (kg)
SAIR group 777111 79.0+12 0.68 —4.9653 to 7.5208
SAP 76.1+10 77349 0.74 —5.8359 to 8.1692
MDIs + CGM 79.6+13 81.0+14 0.80 —10.2345 to 13.0679
CSII 741412 T4.4+12 0.94 —7.3909 to 7.9909
MDIs T3+ 13 735114 0.92 —8.7031 to 9.6698

Values are presented as mean+SD; *F values <0.05 are statistically significant

CL confidence interval.
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together with either ketonemia or ketonuria that required
treatment in a healthcare facility.

Statistical analysis

Statistical evaluation was performed by Statistics for
Windows version 10 software (SPSS, Inc., Chicago, IL).
Basic descriptive statistics were calculated for the relevant
parameters. Analysis was performed by nonparametric tests
(Kruskal-Wallis, Wilcoxon, and ANOVA repeated mea-
surement ). Data are expressed as mean—SD values. A value of
P<0.05 was considered statistically significant.

Results
Baseline charactenstics and adherence

Baseline characteristics were similar in the three groups
(Table 1). Of the 65 patients enrolled, 62 completed all study
visits. One subject from the CSII group and one from the
SAIR group withdrew from the study after the third visit
because of personal reasons. One patient from the MDI group
was excluded from the analysis due to significant protocol
violation. Mean sensor percentage use in the SAIR group was
85%+ 10% of the time (median 85%) with no significant
differences between the two subgroups—SAP or MDIs + RT-
CGM (85% 2 10% [median 84%] vs. 85% % 10% [median
87%]: P=0.98).

Compared with the baseline, at the end of this study in the
SAIR group, there was a significantly higher number of bo-
luses per day and the relative proportion of bolus insulin was
higher, while no significant change in these parameters was
seen in either SMBG group (Table 2). No change in the total
daily dose of insulin between the baseline and the end of the
study was observed for any study group (Table 2).

The average number of boluses per day at the end of the
study was lower in both SMBG groups in comparison with
the SAIR group (6.8 2.2 vs. 4.3+ 1.2; P<0.0001). A higher
frequency of boluses was seen in patients with CSII versus
the self-reported boluses in the MDI only group (4.7+ 1.4 vs.
3.920.8; P=0.04), while no significant difference between
SAP and MDIs + RT-CGM was observed (7.24+2.3 wvs.
6.242; P=0.25). At the end of this trial, the total daily dose
of insulin and the relative proportion of bolus insulin were not
different between study groups (Table 2).

No significant change in body weight between the begin-
ning and the end of the study was found for any study group
(Table 2).

At the end of this study, the average number of blood
glucose tests in non-SAIR groups was 3.7x 1.1 per day
(median 3.6/day), with no significant differences between the
groups with MDIs and CSII (3.7 £1.4 [median 3.3/day] vs.
3.620.7 [median 3.5/day];: P=0.8). In comparison with
SMBG groups, the average frequency of finger-stick tests
performed per day was numerically, but not statistically,
lower in the SAIR group (3.2+ L0 [median 3.1/day] vs.
3.7+ 1.1 [median 3.6/day]: P =0.08). However, regardless of
the type of insulin delivery (SAP or MDIs + RT-CGM), there
was lower frequency of SMBG in subjects who were using
the DexCom G4 sensor (n=19) in comparison with users of
the MiniMed Paradigm Veo System with Enlite sensors
(n=8) (2.7£0.6 vs. 4.3£0.7, P<0.001).
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FIG. 1. Comparison of different treatment strategies for

patient with type 1 diabetes during 1 year Uffolluw—uE:leffecl
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F <0.05 for comparison between the sensor-augmented reg-
imens group and the two SMBG groups (insulin pump and
MDI therapy) at each time point. MDIs, multiple daily in-
jections: SMBG, self-monitoring of blood glucose.

Primary and secondary endpoints

After a year, the SAIR group of patients had significantly
lower HbA . (83% £0.9% vs. 7.1%+ 0.8% [67.5 1 10.4 mmol/
mol vs. 54.5+9.1 mmol/mol]; P<0.0001) (Fg. 1). This im-
provement in HbA, . was observed both in the subgroup with
SAP (82%209% vs. 7.1%209% [66+9 mmolmol vs.
53.9 210 mmol/mol]: £ =0.0025) and with MDIs + RT-CGM
(B5% +1.1% vs. 7.2% £ 0.8% [69.3 £ 12 mmol/mol vs. 553+
8.7 mmol/mol]; P=0.0034) compared with the study base-
line (Fig. 2).

CSIT alone also led to significant reduction of HbA,_
(8.4% +09% vs. 7.9% + 0.7% [68.3+ 9mmol/mol vs. 62.7 +
8 mmol/mol]; P =0.048), while in the group just on MDIs, no
significant decrease of HbA, ¢ was observed (8.3% £0.8% vs.
8.0%+£09% [67.2+9 mmol/mol vs. 64.4 %10 mmol/mol]:
P=0.40) (Fg. 1).

At year, the mean difference in HbA, . between the SAIR
group and the MDI group was —0.91% (=9.81 mmol/mol)
(95% confidence interval [CI], —1.47% to —0.35% [-15.96t0
—3.67mmol/mol]; P=0.002). Moreover, both SAIR strate-
gies were superior to CSII; the mean difference was —0.75%
(—8.11 mmol/mol) (95% CI, -1.23% to -0.26% [-13.41 to
=281 mmol/mol]; P=0.0032). The difference in HbA,_ be-
tween the SAIR group and the MDI group was significant
from the third month and the difference between the SAIR
group and the CSIT group was significant from the ninth
month (Fig. 1).

Importantly, superiority of both SAIRs in comparison with
C51II only was not observed just for the SAP version of SAIR
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but also for the MDI version of SAIR for a between-group
difference favoring the MDI + RT-CGM subgroup of —0.66%
(=7.4 mmol/mol) (95% CI, =1.23% to -0.10% [-13.64 to
—1l.6 mmol/mol]; £=0.022). The difference in HbA,. be-
tween CSII and MDI + RT-CGM groups started to be sig-
nificant from the ninth month of this study (Fig. 2).

At the baseline, no patient met the ADA/ESDA goal for
HbA, . (<7.0% [53 mmol/mol]), while at the end of this trial,
48% of subjects in the SAIR group (eight patients in SAP and
five patients in MDI subgroups), 16% (n=3) of patients in the
CSII group, and 18% (n=3) of individuals on MDIs achieved
the HbA, . target.

At 1 year, the average daily glucose level, as measured by
RT-CGM or professional CGM, was significantly lower, both
in the SAIR group (10.6% 1.5 mmol/L vs. 8.7+ 1.4 mmol/L;
P<0.001) and in the CSII group (10.7£1.2 mmol/L vs.
9.8+ 1.1 mmol/L; P=0.04). This improvement in average
CGM glucose was accompanied by an increase in the time in
range (4.0-10.0 mmol/Ly, 50%*11% versus 69% £11%:
P <0.0001, for SAIR and 51% % 10% versus 59%+11%,
P=0.03, for CSIL

Compared with the baseline, GV was lower in the groups on
SAIR (SDg 40£0.7 mmol/LL vs. 3.020.5 mmol/L; P<0.0001)
and with CSII (SDy 39406 mmol/L. vs. 34+0.6 mmol/L;
P <0.05). Additionally, significant reduction of the time spent in
hypoglycemia was observed only in patients with SAIR
(8% £4% vs. 6% £ 3%: P<0.01). For patients just on MDIs, no
significant change in GV (SDy 382 L0mmol/L vs. 3.8%
L1mmol/L; P=093) and in hypoglycemia (6% 4% vs.
T9%+5%:; P=0.68) was observed.

No difference in HbA . (7.2% +0.8% vs. 7.3% +£0.9%
[54£9 mmol/mol vs. 56% 10 mmol/mol]: P=0.87), hypo-
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glycemia (6% +4% vs. 6% +3%: P=0.91), and GV (5D,
29+05mmol/L vs. 3.0x04mmol/L; P=0.67) was ob-
served in patients with the two types of CGM systems

(DexCom G4 and Enlite sensor).

Adverse event

Throughout the study, two severe episodes of hypoglyce-
mia were reported, one in the CSII group and one in the MDI
group. No severe hypoglycemia in the SAIR group was re-
ported. There was no ketoacidosis or sensor insertion site
infection requiring assistance during a year of follow-up.

Discussion

To the best of our knowledge, this is the first prospective,
1-year real-life study simultaneously comparing four differ-
ent treatment strategies based on different combinations of in-
sulin delivery and monitoring systems. The sensor-augmented
pump therapy for A1C Reduction (STAR3) study provided only
comparison between SAP and MDIs where RT-CGM was not
used.® Thus, it was not possible to determine the contribution of
each component of the system on results. The SWITCH Study’
showed that addition of RT-CGM to already established CSII
therapy led to an improvement of glycemic control, while re-
moval of RT-CGM resulted in a loss of this benefit. This implies
that RT-CGM plays an important role in CSII patients. How-
ever, no patients with MDI therapy were investigated. The Ju-
venile Diabetes Research Foundation (JDRF) CGM studies
investigated patients both on MDIs and CSII therapy. The
JDRF, however, did not report the subgroup analyses comparing
patients on MDI therapy with those on CSII therapy. 12
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Our study showed significant glycemic benefits in using
RT-CGM, which were comparable for patients either on CSII
or MDI therapy. Moreover, the usage of RT-CGM resulted in
a sustained decrease of HbA,. with a concurrent reduction
of time spent in hypoglycemia, which has not always been
described.”

Recent data from the T1D Exchange Clinic Registry' show
that only ~30% of registered adults meet the ADA/ESDA
goal for HbA | of <7.0% (53 mmol/mol ). Given the inclusion
criteria of our study, at the baseline, no patient met the ADA/
ESDA goal either. However, after a year, our study showed
that almost half of subjects in the SAIR group met the target
for HbA ..

The HbA . decrease with SAIR in this study was accom-
panied by improvements in other secondary endpoints, in-
cluding increased time in target range (4.0-10.0 mmol/L) and
reduced GV. For describing GV in the present trial, we used
total standard deviation (SDy). It has been suggested that
although SDy has limitations," more cumplex.'purumelers of
GV usually provide no additional information,” and thanks to
its simplicity, it is easy to calculate SDas a component of
routine diabetes manageme nt.'*

In our study, treatment with CSII only also resulted in
reduction of HbA . and GV, while in the group just on MDls,
significant decrease of HbA,. and other endpoints was not
achieved. One important result was that a combination of RT-
CGM and MDIs was clearly superior to the improvement
with CSII therapy, comparable with the superiority of SAP
over CSIlonly. This is an important result because long-term
studies comparing CSII without CGM and MDIs + RT-CGM
are lacking.

In the 6-month follow-up study performed by Garg et al.,
RT-CGM provided similar benefits in glucose control for
patients using either MDIs or SAP. However, in contrast with
our trial, the significant decrease in HbA | was not seen, either
in patients with MDIs + RT-CGM or SAP therapy. On the
other hand, like numerous other trials,%'"'? the study was
performed with the older generation of CGM. Since that time,
experience with CGM and particularly the accuracy and us-
ability of current systems have substantially ir1'11:|r(:r\nz=,d.'5
which should translate into the results of newer studies. In a
smaller study published by Tumminia et al., 14 patients (eight
in the MDI+ RT-CGM group and six in the SAP group) using
RT-CGM =40% of the time significantly had decreased
HbA, . after 6 months. This effect was more evident in the
MDI + RT-CGM group than the SAP group.'®

In comparison with some other studies,®' 1% we observed
higher adherence to the use of RT-CGM. This is important
because sufficient sensor use is crucial to the success of
CGM.*""'7 In the present study, 100% of participants in the
SAIR group wore a sensor for more than 70% of the required
time. This good adherence in using RT-CGM can be ex-
plained by the fact that patients were actively consulted about
the treatment modality that best met their needs. In our study,
we saw a greater frequency of boluses in the SAIR group
compared with both SMBG groups. However, the higher
number of boluses in the SAIR group does not comrespond
with the substantially lower frequency of finger sticks per-
formed per day (6.8 boluses/day vs. 3.7 finger sticks/day).
This is despite the fact that patients were encouraged to
perform confirmatory finger sticks before each treatment
decision. They often did not comply with this advice. This
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was apparent especially in patients with Dexcom G4 sensor.
One possible explanation is that with the im]lzrmved accuracy
of the newer generation of CGM systems, 3 patients have
more trust in CGM technology and sometimes provide the
insulin dose adjustment without SMBG (although this pro-
cedure cannot vet be recommended for the systems used in
this study).

Thus, more experience, improved accuracy, and usability
of current CGM systems, high adherence to RT-CGM use,
and patient’s confidence in RT-CGM—all these aspects
could be factors in our results.

There are also limitations. This was a nonrandomized
study. Thus, although baseline HbA;. was similar, the more
motivated patients might have selected the insulin pumps
and/or CGM. Another possible limitation is the different
types of insulin pumps and CGM systems used in this study.
However, this reflects real-life and day-to-day clinical prac-
tice. Moreover, the study is designed as a long-term follow-
up and it is still ongoing after the first year. Thus, if we had
not paid attention to patients’ needs and randomized them, we
would have expected a higher dropout and gradual loss of the
ability to describe differences between study groups.

We believe that our findings could facilitate further dis-
cussion and possibly have an influence on diabetes care.
Despite the potential benefits of using CSII therapy, with or
without CGM.,™"® many patients still report barriers to using
it.""?” Some of these patients might be willing to use and
benefit from another advanced technology—RT-CGM—
where insulin is administered by MDIs.

In conclusion, in patients with type 1 diabetes with subop-
timal glycemic control, both SAIRs, that is, SAP and MDIs +
RT-CGM, were superior to MDIs or CSII therapy in reducing
HbA, .. hypoglycemia, and the other endpoints. Both SAIRs
provided comparable glycemic benefits. Hence, a combination
of real-ime CGM and MDIs can be considered as an equiv-
alent alternative to SAP therapy for patients who are not
willing to or cannot use insulin pumps.
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Glycemic Outcomes in Adults
With T1D Are Impacted More by
Continuous Glucose Monitoring
Than by Insulin Delivery Method:
3 Years of Follow-Up From the
COMISAIR Study

https://doi.org/10.2337/dc 19-0888

OBJECTIVE

This study assessed the clinical impact of four treatment strategies in adults with
type 1 diabetes (T1D): realtime continuous glucose monitoring (rtCGM) with
multiple daily insulin injections (rtCGM-+MDI), rtCGM with continuous subcuta-
neous insulin infusion (rtCGM+CSII), self-monitoring of blood glucose with MDI
(SMBG+MDI), and SMBG with CSII (SMBG+CSII).

RESEARCH DESIGN AND METHODS

This 3-year, nonrandomized, prospective, real-world, clinical trial followed 94 par-
ticipants with T1D (rtCGM +MDI, n = 22; tCGM+CSIl, n = 26; SMBG+MDI, n = 21;
SMBG+CSII, n = 25). The main end points were changes in A1C, time in range (70—
180 mg/dL [3.9-10 mmol/L]), time below range (<70 mg/dL [<3.9 mmol/L]),
glycemic variability, and incidence of hypoglycemia.

RESULTS

At3 years, the rtCGM groups (rtCGM + MDI and rtCGM + CS11) had significantly lower
A1C [7.0% [53 mmol/mol], P = 0.0002, and 6.9% [52 mmol/mol], P < 0.0001,
respectively), compared with the SMBG+CSIl and SMBG+MDI groups (7.7%
[61 mmol/mel], P = 0.3574, and 8.0% [64 mmol/mol], P = 1.000, respectively),
with no significant difference betweenthe rtCGM groups. Significant improvements
in percentage of time in range were observed in the rtCGM subgroups | rtCGM +MDI,
48.7-69.0%, P < 0.0001; and rtCGM+CSII, 50.9-72.3%, P < 0.0001) and in the
SMBG+CSII group (50.6-57.8%, P = 0.0114). Significant reductions in time below
range were found only in the rtCGM subgroups (rtCGM + MDI, 9.4-5.5%, P = 0.0387;
and rtCGM +CSll, 9.0-5.3%, P = 0.0235, respectively). Seven severe hypoglycemia
episodes occurred: SMBG groups, n = 5; sensor-augmented insulin regimens
groups, n = 2.

CONCLUSIONS

rtCGM was superior to SMBG in reducing A1C, hypoglycemia, and other end points in
individuals with T1D regardless of theirinsulindelivery method. tCGM+MDIcan be
considered an equivalent but lower-cost alternative to sensor-augmented insulin
pump therapy and superior to treatment with SMBG+MDI or SMBG+CSll therapy.
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Use of real-time continuous glucose
monitoring (rtCGM) has emerged as a
critical component of diabetes self-
management for individuals treated
with intensive insulin regimens, and it
is now considered a standard of care for
these patients (1-6).

Recent randomized clinical trials have
demonstrated that use of rtCGM results
in significant improvements in glycemic
control and hypoglycemia and confers a
higher guality of life to participants trea-
ted with multiple daily insulin injections
(MDIs) compared with traditional self-
monitoring of blood glucose (SMBG)
(7-11). Similar improvements in A1C
and hypoglycemia have also been ob-
served in participants using rtCGM with
insulin pump therapy (12,13). Significant
reductions in severe hypoglycemia have
also been observed in patients with
type 1 diabetes (T1D) with problematic
hypoglycemia who were treated with
rtCGM in combination with either MDI
(10) or insulin pump therapy (13).
Importantly, a common observation in
most rtCGM studies is that glycemic
improvements and other benefits were
dependent upon the persistence of sen-
sor use (7-15).

Although randomized controlled trials
(RCTs) arerecognized as the highest level
of evidence regarding the efficacy of
rtCGM when used within tightly con-
trolled settings, our understanding of
the real-world use and benefits of tCGM
has been limited. Findings from RCTs
often fail to reflect actual participant
behaviors and resultant outcomes in
real-world clinical practice (16-18). More-
over, there have been few long-term
comparisons to evaluate the efficacy
of MCGM use in combination with the
various insulin delivery methods (e.g.,
rtCGM + continuous subcutaneous in-
sulininfusion [CSI] vs. rtCGM+MDI), and
conclusive evidence of rtCGM benefits
compared with SMBG has been sparse.
Because diabetes management is pri-
marily dependent on participant behav-
ior, different research approaches are
needed to more definitively assess these
behavior-based interventions.

We recently reported findings from the
Comparison of Sensor Augmented In-
sulin Regimens (COMISAIR) study, a 1-
year, nonrandomized, real-world study
that assessed the efficacy of long-term
use of sensor-augmented insulin regi-
mens (SAIR)-rtCGM combined with

either CSII  (sensor-augmented pump
[CGM+CSII]) or MDI (rtCGM +MDI)-
on glycemic control compared with
the addition of CSll (SMBGH+CSII) or
MDI (SMBG+MDI) (19) among 65 indi-
viduals with T1D. At study end, significant
ALC reductions from baseline were ob-
served in both the SAIR groups
(rtCGM+CsIl: —1.1% [—12.0 mmol/
mol], P = 0.0025; rtCGM+MDI: —1.3%
[—14.2 mmol/mol], P = 0.0034). Although
SMBG+CSIl use ako led to a significant
A1C reduction (0.5% [5.5 mmol/mol]),
no significant reductions were seen in
the SMBG+MDI group. The increase
from baseline in average number of
boluses per day was significantly greater
in the rtCGM-+CSIl and rtCGM-+MDI
groups (3.2 and 2.2, respectively, both
P <2 0.0001) compared with SMBG+ CSlI
(0.6, P = 0.08). No increase was seen in
the SMBG+MDI group. Importantly, sig-
nificant reductions in percentage of
time in hypoglycemia (<270 mg/dL [<3.9
mmol/L]) were observed only in the
SAIR groups, from 8 = 4% to 6 * 43%,
P =2 0.01.

In the current follow-up study, we
investigated the effects of SAIR interven-
tions on glycemic control and treatment
persistence among a larger participant
cohort after 3 years, providing further
supportive evidence for the use of tCGM
in the management of T1D.

RESEARCH DESIGN AND METHODS

The COMISAIR-2 study was the 3-year
follow-up of the COMISAIR trial (13),
which compared the efficacy of the
long-term use of SAIR regimens among
individuals. Participants were recruited
from the participant population treated
at the 3rd Department of Internal Med-
icine, 1st Faculty of Medicine, Charles
University. This report includes results
froman additional 29 participants whose
complete 1-year data were not available
at the conclusion of the initial COMISAIR
trial. The study was approved by an
independent ethics review board and
conducted in accordance with the Dec-
laration of Helsinki (20). All subjects
provided written informed consent be-
fore enrollment.

Inclusion criteria were as follows:
age =18 years, =2 years T1D duration,
A1C 7.0-10% (53-86 mmol/mol), treated
with analog insulins, willingness to use
sensors =70% of the time or perform
SMBG four or more times per day, and
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willingness to participate in a 4-day
training program at baseline. Exclusion
criteria were as follows: use of rtCGM
within the previous 3 months, ketoaci-
dosis within the previous 3 months,
concomitant therapy influencing glu-
cose metabolism, pregnant or plan-
ning pregnancy, and demonstrated
nonadherence to current treatment
regimen.

Procedures

Enrolled participants were scheduled
for a total of 15 clinic visits (baseline,
atweek 2, and then at months 1, 3,6, 9,
12,15, 18, 21, 24, 27, 30, 33, and 36). A
detailed description of the study proce-
dures was previously published (19).

At the initial visit, investigators con-
firmed eligibility and initiated profes-
sional CGM (iPro2; Medtronic, Northridge,
CA) in all participants for 6 days.
Throughout the study, participants in
the groups not using SAIR had profes-
sional CGM every 3 months. Participants
then attended a structured 4-day train-
ing program that addressed basic insulin
administration skills, induding timing and
dosing of preprandial insulin, prevention
of hypoglycemia, and theoretical and
practical carbohydrate counting. Par-
ticipants were encouraged to use flex-
ible insulin dosing.

During training, all treatment mo-
dalities (rtCGM-+MDI, rtCGM-CSII,
SMBG+MDI, and SMBG+CSIl) were in-
troducedto participants. In collaboration
with study clinicians, participants se-
lected their treatment modality accord-
ing to their individual needs and
preferences. Investigator influence on
participant decisions was minimal (6%
of cases), and no participant was dis-
couraged from using one of the SAIR
regimens. Participants in the SAIR and
CSIl groups completed theoretical train-
ing on the relevant devices, followed by
treatment initiation and practical train-
ing (including insulin adjustment) with
investigators.

Participants using SAIR were encour-
aged to make self-adjustments to their
treatment using rtCGM values (hypergly-
cemia and hypoglycemic alerts and
trends) and to incormporate results of
SMBG into treatment changes. Partici-
pants in non-5AIR groups were encour-
aged to measure their blood glucose at
least four times per day. All participants
were instructed to use only the study
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Table 1—Baseline characteristics
Characteristic

Ec:upal and Associates

rICGM + MDI (n = 22) rtCGM + €Sl {n = 26) SMBG + CSll {n = 25) SMBG + MDI (n = 21) Pvalue

Male (%) 59 50 48 52 0.89
Age (years) 326 * 115 323 * 99 33*93 35+ 15 0495
Duration of diabetes (years) 137 = 98 146 = 7.8 134 = 84 135 * 8.8 0.86
A1C (mmol/mol) 66.6 = 10.0 66.5 * 10.2 673 * 9 67 * 8.6 0495
ALC (%) 8.2*09 82 * 09 283 =08 83 *08 092
Mean sensor glucose (mmol/L) 105 = 14 103 = 15 104 = 1.6 104 = 1.3 0.89
BMI (kgfm?) 26*4 25 = 4 25 *3 25+3 091
Body weight (kg) 766 = 14 725 * 15 74 =11 73.7 =13 0.96
The total daily dose of insulin {units) 481 * 15 46.2 * 115 46.7 = 114 488 =135 093
Relative proportion of bolus insulin (%) 487 = 38 487 = 4 50.1 = 4.4 5044 0.61
No. of boluses/day (n) 39*09 38 = 0.8 38 =09 38 =07 0.99
Frequency of SMBG/day (n) 37+1 37 * 12 38 =11 36*1 0.95

Walues are presented as mean = SD.

blood glucose meter provided to them
for all SMBG measurements taken dur-
ing this trial.

At each clinic visit, participants were
screened for adverse events, sensor in-
sertion sites were inspected (SAIR partic-
ipants), and data from all tCGM systems,
insulin pumps, and blood glucose meters
were downloaded for analysis.

Glucose Monitoring Devices

Participants in the CSIl group wore one
of two types of insulin pumps: MiniMed
Paradigm Veo (Medtronic) and Animas
Vibe (Animas Corporation, West Chester,
PA). Participants in the rtCGM +CSIl sub-
group used either the MiniMed Paradigm
Veo System with Enlite sensors (Med-
tronic) or Animas Vibe system with Dex-
ComG4 sensors (Dexcom, San Diego, CA).
The subgroup of participants who se-
lected rtCGM+MDI therapy used a
DexCom G4 rtCGM system. The iPro2
was used for glucose monitoring in all

participants at baseline and every
3 months in SMBG participants. All par-
ticipants were provided with a personal
blood glucose meter (OneTouch [Life-
Scan, Milpitas, CA] or CONTOUR LINK
[Bayer Diabetes Care, Basel, Switzer-
land]), which was used for diabetes
self-management purposes and calibra-
tion of rtCGM. We highlighted to par-
ticipants the importance of regular
downloading and review of the data
from rtCGM devices and insulin pumps.
A bolus calculator was set for all partic-
ipants with insulin pumps.

Outcomes

The primary end point was the difference
in A1C between the groups after 3 years
of follow-up. Secondary end points were
as follows: change in glycemic variability
(expressed as the total SD of blood
glucose, average daily glucose from
CGM, and percentage of time spent in
range 70~-180 mg/dL [3.9-10.0 mmol/L]),

9.0
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| Figure 1—Change in A1C from baseline by study group. SAP, sensor-augmented pump.
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percentage of time <70 mg/dL (<39
mmol/L), rtCGM usage (SAIR groups),
change in average number of boluses
per day, and incidence of hypoglycemia.

Measures

A1C values were measured at the base-
line and then every 3 months until
study end. A1C was analyzed by a high-
performance liguid chromatography
method on a Variant Il analyzer (Bio-
Rad, Hercules, CA). The normal refer-
ence range of A1C in our laboratory is
4.0-6.0% (20-42 mmol/mol). Initially,
all patients were monitored by profes-
sional CGM for 6 days. Then, throughout
the study, subjects in the groups not
using rtCGM were assessed by pro-
fessional CGM for 6 days every 3
months.

Severe hypoglycemia was defined as
an episode requiring assistance from
another person or neurological recovery
in response to restoration of plasma
glucose to normal. Ketoacidosis was de-
fined as an episode of hyperglycemia
(>252 mg/fdL [>14 mmol/L]) with low
serum bicarbonate (<<15 mmol/L), low
pH (<<7.3), or both together with either
ketonemia or ketonuria that required
treatment in a health care facility.

Statistical Analysis

The basic characteristics of each group
were analyzed using nonparametric tests
(Kruskal-Wallis and ANOVA). The data
of repeated measurements (obtained
every 3 months) such as the mean glu-
cose levels, time in/below target range,
and glycemic variability were compared
using a linear mixed-effects model. P
values <<0.05 were considered statistically

3
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Table 2—Significance of A1C change over 36 months

Diabetes Care

Month  Menth  Month Maonth Maonth Maonth Month Maonth Manth Month  Month  Month
3 & 9 12 15 18 21 24 27 30 33 36
nCGM-+MDI 0.0017 0.0006 -<0.0001 -<0.0001 -<0.0001 0.0003 -<0.0001 -0.0001 0.0001 0.0004 0.0006 0.0002
nCGM+C5Il  <0.0001 -=<0.0001 -<0.0001 -<0.0001 =0.0001 -20.0001 =0.0001 =0.0001 -=0.0001 =0.0001 0.0001 -<0.0001
SMBG+MDI 1.0000 1.0000 10000 03914 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
SMBG+CSI 1.0000 1.0000 10000 0.0183 0.1778 1.0000 0.9125 0.9740 0.7677 0.2954 1.0000 0.3574

significant. Analyses were conducted using
the R statistical package, version 3.1.1. Data
are expressed as mean * 5D values.

RESULTS

Baseline Characteristics and
Adherence

A total of 94 participants were enrolled
in the study; 88 completed all study
visits. Among the six participants who
discontinued the study, two SMBG+C5lI
participants and one rtCGM+CSII partic-
ipant withdrew for personal reasons,
one SMBG-+CSII participant decided
to initiate rtCGM after 1 year, one
rtCGM+MDI initiated rtCGM+CSII,
and one SMBG+MDI participant died
due to breast cancer. Baseline character-
istics were similar in the four study
groups (Table 1).

All SAIR participants wore their sen-
sors =70% of the time. No significant
changes in total insulin dose or body
weight were observed in anyof the study
groups.

Primary and Secondary End Points
Change in AIC

At 3 years, the rtCGM+MDI and
rtCGM+CSII groups had significantly
lower A1C (7.0% [53 mmol/maol], P =
0.0002, and 6.9% [52 mmol/mol], P <
0.0001, respectively), compared with the
SMBG+MDI and SMBG+CSIl groups
(8.0% [64 mmol/mol], P = 1.000, and
7.7% [61 mmol/mol], P = 0.3574, re-
spectively). No significant differences in
A1C between the rtCGM+MDI and
FtCGM+CSIl groups (P = 0.61) or
SMBG+MDI and SMBG+CSIl (P = 0.69)
were observed.

Significant reductions in A1C were
seen in the rtCGM+MDI and ntCGM+
CSll groups at all follow-upvisitsthrough-
out the 3-year study perod (Fig. 1 and
Table 2). Significant A1C reductions were
seen in the SMBG+CSII group only at
month 12 (P = 0.0183); no significant
reductions were seen in the SMBG +MDI
group. Supplementary Table 1 presents

A1C changes in each study group at all
study visits.

Forty-eight percent (n = 23) of SAIR
participants achieved <7.0% AlC at
3 years (MCGM+MDI, 43% [n = 9];
rtCGM +CSHl, 56% [n = 14]) compared
with 9% (n = 2) of SMBG+CSll and 16%
(n = 3) of SMBG+MDI participants.

Between-group comparisons of ALC
changes showed significant differences
between the SAIR and SMBG groups at
3 years, favoring use of tCGM (Table 3).
No significant differences between the
SAIR subgroups or SMBG subgroups were
observed.

Significant differences between the
rCGM +MDI group and SMBG groups
were observed beginning at month 6,
whereas the differences between the
rtCGM +CSIl group and SMBG groups
were observed beginning at month 3.

Average Sensor Glucose

Significant differences in improvements
in average sensor glucose were seen in
the rtCGM-+MDI and rtCGM-+CSIl
groups but not in the SMBG+CSII or
SMBG+ MDI groups (Table 3). No signif-
icant between-group differences within
the SAIR or SMBG subgroups were
observed.

Glycemic Variability

Significant differences in glycemic vari-
ability were observed between rtCGM+
MDI versus SMBG+MDI, rtCGM+CSlI
versus SMBG+MDI, and SMBG+CSI
versus SMBG+MDI (Table 3). No signif-
icant differences were seen between
rtCGM+MDI and rtCGM-+CSIL. Signifi-
cant improvements in time in range
and time spent in hypoglycemia were
observed at 3 years in the rtCGM—+
MDI, rtCGM+CSIl, and SMBG+CSI
groups but not the SMBG+MDI group
(Fig. 2).

Time in Range

Improvements in time in range (70-180
mg/dL [3.9-10.0 mmol/L]) among SAIR
subgroups were significantly greater
than observed in the SMBG subgroups:

rtCGM-+MDI versus SMBG+MDI, 14.21%
(95% CI 6.45 to —22, P = 0.0007);
rtCGM+MDI versus SMBG+CSI, 11.13%
(95% CI 4.46-17.81, P = 0.0016);
rtCGM+Csll versus SMBG+MDI, 17.58%
(95% CI, 10.9-24.27, P < 0.0001); and
rtCGM+CSIl versus SMBG+C5II, 14.5%
(95% Cl 8.82-20.19, P < 0.0001). No
differences were seen between the
rtCGM+MDI and rtCGM +CSII groups.
Significant reductions in percentage of
time below range (<70 mg/dL [<<3.9
mmol/L]) were seen in the tCGM+MDI
(P = 0.0387) and NCGM+CSIl (P =
0.0235) groups but not the SMBG+ CSII
(0.4847) or SMBG+MDI (P = 1.000)
groups (Fig. 2).

Insulin Boluses

At study end, the average number of
boluses per day was lower in both SMBG
groups in comparison with the rtCGM
groups (6.9 = 19 ws 45 = 11, P <
0.0001). A higher frequency of boluses
was seen in participants with SMBG+CSII
versus the self-reported boluses in the
SMBG+MDI group (49 = 1.2 vs. 41 *
0.8, P = 0.02). No significant difference
between rtCGM+CSII and rtCGM+MDI
was observed (7.1 * 1.9vs.6.6 = 1.9, =
0.4) (Supplementary Table 2).

rtCGM Use

Mean percentage use of rtCGM in the
SAIR groups was high throughout the
study period, with slight but notable
increases from year 1 (rtCGM-+MDI,
857 + 9%: rtCGM+CSIl, 86.7 = 10%)
and year 3 (tCGM-+MDI, 88.0 = 8%;
rtCGM-+CSII, 87.0 = 8%). No significant
differences between the subgroupswere
observed (Supplementary Table 2).

SMBG Use

The average frequency of fingerstick
tests performed per day was lower in
the SAIR group compared with the SMBG
group (3.0 05vs. 3.8 1.2 P=0.001).
It is important to note that the rtCGM
devices required twice daily calibra-
tion with fingerstick testing. Within
the SAIR group, daily SMBG frequency
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| Figure 2—Changes in percentage of time in range and time in hypoglycemia.

their self-management regimens, and
it may also explain the significant in-
crease in the number of daily boluses
observed in the SAIR groups; no
changes in daily bolusing were seen
in the SMBG groups. Additionally this
persistence in CGM use correlates with
the increased number of participants
getting to the goal, suggesting the
perceived value translated into im-
proved clinical outcomes.

From a clinical perspective, the glyce-
mic improvements observed among
rtCGM users will likely lead to significant
reductions in long-term complications
(21). However, our findings also have
important implications for payers. As
reported by Gilmer et al. (22), a 1.0%
reduction in A1C from 8.0 to 7.0% is
associated with ~5820 in savings over
3 wyears in adults with diabetes but
without heart disease and hyperten-
sion; the savings are even greater when
one or both of these comorbidities are
present.

In addition to the long duration of
assessment, another strength is the use
of a real-wodd study design. Although
the efficacy and clinical utility of rtCGM
have been demonstrated in numerous
RCTs (7-13), they do not necessarily
reflect the behaviors and clinical re-
sponses of participants in real life be-
cause RCTs strictly control the setting and
delivery of interventions to minimize the
effect of external factors on outcomes
(16=18). Nor do they inform us about the
long-term sustainability and clinical im-
pact of tCGM use beyond the defined
study durations. In our study, we allowed
participants to choose the insulin/
monitoring option that met their indi-
vidual needs, which reflects reallife
decision-making in most clinical practices.

Additionally, an increasing number of
payers and regulatory agencies are rec-
ognizing the inherent limitations of RCTs
in providing real-world evidence (RWE)
about the efficacy of medications and use
of medical devices in clinical practice. As
such, they are now focusing on RWE to
inform their decisions. For example, both
the US. Food and Drug Administration
and European Medicines Agency are
asking manufacturers to provide RWE
in combination with RCT findings when
evaluating both the short- and long-term
safety and effectiveness of new drug
and medical device submissions, par-
ticularly in the assessment of medical
devices in realworld clinical practice
(23-26).

The study has notable limitations. Be-
cause this was a nonrandomized study, it is
possible that there were some unmeasured
factors that could impact our findings.
For example, it is possible that the more
motivated study participants may have
selected to use rtCGM. Although one would
expect motivated partidpants to achieve
greater improvements than participants
who are less motivated, we observed no
significant between-group differences in
motivation. Because all subjects were will-
ing to participate in a “Dose Adjustment for
MNomal Eating (DAFNE)-like” 4-day training
program, motivation likely only had a minor
impact on results, if any. Moreover, if we
had not allowed participants to choose the
regimens that met their individual needs
and preferences, we would have likely
seen a much higher discontinuation rate,
which would have resulted in a gradual
loss in our ability to describe differences
between study groups. Another potential
limitation is that different types of insulin
pumps and rtCGM systems were used
in this study. However, as reported,

SAP, sensor-augmented pump.

changes in A1C between the study sub-
groups were comparable, which suggests
that device differences did not impact
our findings. Additionally, with the ex
ception of patients with insulin pumps
(CGM~+CSII and SMBG+ CSII groups), all
bolusing data gathered from the other
study groups were self-reported. Al
though it is possible that participants
may have overreported their bolusing
frequency, given the higher number of
boluses within the rtCGM groups, which
appear to correlate with better glycemic
outcomes versus SMBG groups, we be-
lieve the impact of overreporting was
minimal.

Importantly, our findings demonstrate
that the use of rtCGM with MDI can
be considered an equivalent but more
cost-effective treatment alternative to
sensor-augmented insulin pumps for
many individuals with T1D. For exam-
ple, in a recent analysis of the Multiple
Daily Injections and Continuous Glucose
Monitoring in Diabetes (DIAMOND) trial
(8), Skandari and colleagues (27) found
that among rnCGM+CSll participants, the
total per-person 28-week costs were
58,272 vs. 55,623 among rtCGM-+MDI
users; the difference was primarily
attributed to CSIl use. The increasing
focus on reducing costs while improw-
ing outcomes may impact reimburse-
ment decisions regarding current and
future sensor-augmented insulin pump
systems.

In conclusion, in individuals with T1D
with suboptimal glycemic control, use of
rtCGM was superior to SMBG in reducing
AIC, hypoglycemia, and the other end
points regardless of the insulin delivery
method used; both methods provided
comparable glycemic benefits. Our find-
ings may provide guidance to clinicians
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when discussing treatment/monitoring
options with their participants.
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Abstract: The correlation between 2.3.7 B4etrachlorodibenzo-p-dioxin (TCDD) intoxication and the parameters of metabolic
impairment was examined in the last eight male survivors of 80 workers exposed to TCDD during the production of herbicides
in a chemical factory in 1963-1967. Their median TCDD blood level was 112 (46-390) pg/g lipids, and the median TCDD body
deposit was 3.9 (0.8-11.7) pg. This puts these patients into the most severely intoxicated group of subjects, according to back-
calculated levels of TCDD. The median TCDD blood level in eight controls was 12 pgfg (<010 to 22.2 pg/g). Markers of meta-
bolic impairment — diabetes, dyslipidaemia, arterial hypertension, carotid artery plaque, skin microvascular reactivity, eve fundus
hypertensive angiopathy and history of coronary heart disease — were assessed and compared to a peneral male population of
comparable age, Measured parameters compared with a population of comparable age were as follows: prevalence of diabetes
(62.5% versus 17.6%), arterial hypertension (87.5% wersus TLE%), dyslipideemia (B7 5% versus 88.8%), history of coronary
heart disease (62.3% versus 26.0%) and eve fundus hypertension angiopathy (30% versus 14%). All eight patients (100% versus
43%) developed plaques in carotid arteries, six had stenosis >=30% and two had a carotid intervention (stenting or endarterec-
tomy). Total cholesterol levels decreased compared to the earlier study this patient group in 2008, most likely due to a more
intensive use of lipiddowering drugs. Seveml metabolic parameters were higher (diabetes as much as 3.5-fold) in the group of
severely TCDD-intoxicated subjects than in a general population of comparable age. This suggests that TCDD plays a role in the

development of metabolic impaiment and vascular changes.

Cardiovascular and metabolic diseases attnbutable to 2.3.7,8-
tetrachlorodibenizo-p-dioxin (TCDD) are associated with aryl
hydmcarbon receptor (AhR ) activation and subsequent induc-
tion of metabolic changes, and inflammation in blood vessels
which 15 combined with premature cell senescence mediated
by produced reactive oxygen species [1.2]. The association of
environmental exposure to TCDD with increasing incidence of
digbetes mellitus is a topic of interest; however, it remains
unanswered [3], as do similar questions on coronary heart dis-
ease, hypertension and on dyslipidaemia [4-6].

From this point of view, the follow-up study of the severcly
intoxicated Cerech chemical workers brings new data to bear
on these questions. We examined the last eight survivors of
80 workers, who became seriously intoxicated duning the pro-
duction of herbicide 2.4, 5-trichlorphenoxyacetic acid from the
unintentional by-production of TCDD between the years 1965
and 1968,

The first TCDD blood analysis was possible in 1996 [7] when
a median of 305 pglg fat (74-760 pg/g fat) was found in these
workers. The back-caleulated TCDD plasma level at the time of

Author for correspondence: Martin Prazny. 3rd Department of Internal
Medicine, 1st Faculty of Medicine, Charles University in Prague and
General University Hospital in Prague, U Nemoenice 1, 128 08 Praha
2, Czech Republic (e-mail mpra@If].cuni.cz).

exposure (ime zero) using the physiologically based model [8]
might have reached about 35,000 and 350,000 pgfe fat in
patient No. 8 and No. 1, respectively [9]. This made them one
of the most severely intoxicated groups of subjects in the world
among herbicide producers and wsers o several countries,
including veterans of the war spraying TCDD-contaminated
Agent Orange in Viemam and the associated affected Viet-
namese population [8,10]. The half-life of TCDD during the
first months after exposure 1§ about 3 months. However, the
half-life prolongs 50 years after exposure o more than 10 years,
in agreement with the physiologically based model [8].

Due to the long elimmation half-life, TCDD stays in the
human body, bound on the lipids, for decades, and there s no
antidote that would increase the elimmation of this toxic agent
or mitigate its toxic effect.

Al the time of ¢xposure, the mean age of the group of the
male workers was 35 (20-58) years. All subjects developed
chlomene during this occupation, 36% of the subjects had skin
hyperpigmentation and/or hypertrichosis, and 509 had dyshpi-
daemia. During the first 2 years after exposure, 15% of the
workers were diagnosed with type 2 diabetes [10]. The levels
of cholesterol, total plasma lipids and mglycenides (TG) in the
past comelated well with the TCDD levels [11,12]. Vascular
dysfunction was observed in these subjects in 2004 [13]. In
addition, this group of patients showed severe neurological

i 201 ¥ Nondic Association for the Poblication of BOPT (former Mordic Pharmacological Society)



21

CHRONIC DIOXIN POISONING AND ASSOCIATED DISEASES

and neuropsychological impairment throughout the following
years [9,14,15].

Our objective was to evaluate the long-term metabolic and
vascular changes in the last survivors of the TCDD intoxica-
tion and TCDD elimination half-life, as, o the best of our
knowledge, no such data exist for humans 50 years after such
exposum.

Methods

An examination of eight men (724 + 1.3 years) in 2016 included
TCDD in blood using high<esolution gas chromatography and mass
spectrometry, serum cholesterol and TG, fasting blood glucose,
HbA ¢, duplex sonography of carotid arteries, eye fundus examina-
tion, laser Doppler flowmetry for microvascular reactivity evaluation
and clinical examination. The total body fat mass was determined
using dual-energy X-ray absorptiometry (QDR 4500 A: Hologic, Inc.,
Waltham, MA, USA).

Hypertension was defined as systolic blood pressure of 140 mm Hg
andfor disstolic blood pressure 90 mm Hg, or higher, or use of antihy-
pertensive medication. Dyslipidsemia was defined according to total
cholesterol levels (above upper reference limit of 5.2 mmol/l), TG
levels (above reference limit of 1.7 mmoll) or use of lipid-lowering
drugs. Diagnosis of dishetes mellims was based on a level of fasting
plasma glicose (above 7.1 mmoll), HbA,. (above 6.5%M42 mmol/
mol) or use of glucose-lowering drugs.

Carotid duplex Doppler ultrasonography was performed by a linear
probe 6-15 MHz on the General Electric Vivid E9 (General Electric,
Boston, MA, USA) device. The presence of plaque was noted.

Skin microvascular reactivity was measured using laser Doppler
flowmetry (instrument PeriFlux PF 4001 manufactured by Perimed,
Jarfalla, Sweden) on the finger and forearm of the non-dominant upper
amn during post-occlusive reactive hyperaemia (PORH) and thermal
hyperaemia (TH). Basal perfusion, maximal perfusion (PORHp.).
time to reach maximal perfusion (PORH,), velocity of the perfusion
increase (PORHp/t) and post-occlusion  relative  hyperaemia
(PORH%) were measured. For TH, parameters TH ... TH,, THgt
and PORH% were obtained similarly as to those in the post-occlusion
tests. All the data were collected using the same methodology used in
the previous study [13].

The results were compared with the finding of these subjects in
2001 and 2004 [13]. The prevalence of diseases was compared with
the data of the Czech male population of a comparable age [16.17] or
of a non-Czech male population of comparable age [18.19].

Results

The median TCDD level was 112 (46-390) pg/g of blood
lipids. For comparison, a median of 12 pg/g (<0.10 to
22.2 pg/g) TCDD was found in eight controls. The median
plasma half-time prolonged from 8.5 (5.9-9.0) years 30—
35 years after exposure [20], and 50 years after exposure
reached 10.2 (5.5-24.1) years, which is in agreement with the
physiologically based model.

The median body fat content was 31.6 (27.8-44.6) %, or
256 (17.8-69.7) kg, and the median TCDD body deposit was
39 (08-1L7) pg, (average 4.95 + 3.65 pg). Individual levels
and characteristics of the subjects are shown in table 1. Mean
metabolic  parameters  are  as  follows: wotal  cholesterol
438 + 0.68 mmold, TG 1.56 £+ 0.54 mmoll, fastng glucose
6.76 + 2.3 mmol/l and HbAlc 47 £ 13 mmolmol.
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All patients had residues of chloracne. All eight patients
had atherosclerotic plagues on carotid arteries as can be seen
in table 1. Six patients (No. 1, 4, 5, 6. 7 and 8) had stenosis
>50% and among them, subjects No. 1 and No. 4 had a
history of surgery or stenting due to significant carotid steno-
sis. Eye fundus examination showed stable hypertensive
angiopathy in four of the subjects and physiological age-rele-
vant vascular findings with a mild improvement since 2004 in
the memaining four subjects. The patient with the highest
TCCD burden (No. 1) had developed all observed characteris-
tics (diabetes mellitus, dyslipidaemia, hypertension, coronary
heart disease, carond artery stenting) during his life.

For microvascular reactivity, a mean basal perfusion showed
inerease in companson with the results from 2004 on the fore-
arm (108 + 49 versus 7.1 + 24 perfusion units (PU),
p < 003), while a decrease in basal perfusion was observed
on the finger (132 + 45 wersus 257 + 110 PU, p < 0.05).
Improvement in microvascular wactivity on the forearm was
observed both in PORH and in TH (PORH,_.: 42 + 24 ver-
sus 26 £ 7 PU, p < 002; PORH tme-to-max 6 + 4 versus
13 + 4 sec., p <0.02; TH,,, 80+ 32 versus 59 + 18 PU,
p <002, TH time-to-max 76 + 24 versus 89 + 20 sec., NS).
Microvascular reactivity did not improve on the finger. There
was no improvement in parameters of microvascular reactivity
when the results were compared with the findings 1 2001,

Discussion

Recent TCDD level classifies this group in those with the
highest exposure — patient No. 1 1s comparable with individu-
als with the highest ever documented levels of TCDD as mea-
sured a few months after exposure [21,22] and shows multiple
signs of metbolic impairment, more severe than patients with
lower TCDD levels.

The prevalence of diabetes in these chronically TCDD-
exposed patients is more than 3.5-fold higher compared to the
male population of a comparable age [15]. Also, the preva-
lence of hypertension and hypedipidacmia excecds general
male population values, as shown i tble 1. Atherosclerosis
was highly prevalent based on carotid ultrasonography and on
a substantial history of cardiovascular discase.

In 2004, four patients were diagnosed with diabetes and
two of them were treated with glucose-lowering drugs. By
2016, alrcady five patients used glucose-lowering drugs. The
higher proportion of dizbetes as compared with the population
is also in accordance with experimental studies [23-25]. Acti-
vators of peroxisome proliferator-activated receptor  alpha
(PPAR-3), a key mgulator of systemic insulin sensitivity,
delay the onset of type 2 diabetes by lowering plasma TG.
The inhibition of PPAR-a through the Ah receptor could
explain TCDD-mediated diabetes [26]. Dioxin has been recog-
nized as an environmental endocrine disruptor. A study in Tai-
wan that evaluated the association between exposure o dioxin
and digbetes in TCDD-contaminated arcas found exposure to
TCDD is a nsk factor for diabetes, independent of age and
body mass index (BMI) [27]. Also, cross-sectional studies of
populations  with  low-level TCDD

exposures  (serum
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MNo
Yes
MNo

angiopathy

Eve hypertensive

Drwslipid aemia

Yes
Yes
Yes
Yes

Yes
Yes
Yes

Yes

Hypertension

Atherosclemsis
(CHD, AMI, 1S)

AMI 2011
CHD 1995
CHD 1997
AMI 1997
IS 2007
No

CHD 2010
No

Yes
Yes
Yes

Atherosclerotic plaques
on carotid arteries
Yes

Table 1.
BML kg  Diabetes
9.7 Yes
No
No
270 Yes

TCDD body
depot, pg

11.71

7.11

7.71

3.15

TCDD level,
pe/e fat

390
300
140

320

Smoker
Yes

Age
(years)
No

77
73

Characteristics of the patients,

Subject no.

TOMAS PELCL ET AL

concentrations <10 pg/g lipid) found positive dose—response.
Heterogencous results were seen in studies of subjects with
high TCDD body burdens [3]: however, our study of very
high exposure supports the association.

Yes
MNo
Yes
MNo
14%: [20]

50%

Oxidative stress 1s the crucial pathogenic mechanism induc-
ing impairment of vascular function, which can be accelerated
by dyslipidaemia and both oxidative stress and dyslipidaemia.
Elevated markers of oxidative stress have been found in these
TCDD-exposed patients [12].

We found a rather unexpected improvement in the microvas-
cular reactivity as compared with the findings in 2004. This

Yes

Yes

Yes

No

87.5%
BE.8% [17]

may be explained by a more efficient hypolipidaemic treatment
in these patients and their lower cholesterol level. This lowering
can be observed in the whole group already from 1991, At that
timne, the mean total cholesterol and TG kevels reached 7.7 and
3.7 mmoll, respectively [28], which follows the total trend n
the general population [16]. Another positive finding is that the
last climically relevant coronary heart disease, acute myocardial
infarction andfor ischaemic stroke were diagnosed in 2011.

Yes

]
B7.5%
T1.8% [17]

¥
¥
No

AMI 1999
CHD 1975

IS 1991

CHD 26% [18]

IS 1993

No
CHD 62.5%

CHD 19495

These positive results may also be associated with about 50%
lowering of TCDD levels.

Obviously, a limitaton of this study is the low number of
highly exposed survivors of TCDD intoxication, which com-
plicates the generahization of the findings and the comparson
with the general population. The advantage, on the other side,
is the long-term follow-up of highly exposed subjects using
the same methods.

Yes

Yes

Yes

Yes
100%:
43% [19]

Conclusion

17.6% [17]

The mesults in the last eight surviving men who have been
severely intoxicated with TCDD for 30 years suggest that
TCDD may promote metabolic impaimment. The proportion of
diabetes, hypertension, carotid plaques, eye fundus angiopathy

Yes
Yes
Yes
No
62.5%

+35.2

=

8.7
1

and coronary heart disease in this group of patients s higher
than in the general population. These data support the associa-
tions between this persistent organic pollutant and diabetes [6].

On the other hand, cholesterol and TG levels further
decreased due to more efficient pharmacological reatment.

- Dyslipidaemia treatment may therefore have a beneficial effect

495 + 365
(3.9 (0.8-11.7)

2.13
4.60
(.82

both on the plasma lipid profile and on the vascular activity,
even if there 15 no causal reatment and mereased elimination
of TCDD from the human body.
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Abstract

2.3,7.8-Terachlorodibenzo-p-dioxin (TCDD) is highly toxic and affects the cardiovascular system, brain, and skin by AhR-
dependent and other mechanisms, as well as causing metabolic impairments and cancer. The involvement of the respimtory
sysiem has not yet been studied. TCDD in the blood was measured and biomarkers of oxidative stress and inflammation were
analysed in 2016 in the exhaled breath condensate (EBC) of the last eight male survivors (mean age 724 £+ 1.3 years) from 80
workers intoxicated with TCDD during the production of herbicides from 1965 to 1968. The results were companed with their
findings in 201 0 toevaluate a trend. Malondialdehyde, 4-hydroxy-trans-nonenale, and 8-isoprostaglandin F2u (8-isoprostane), in
addition to markers of the oxidation of nucleic acids and proteins 8-hydroxy-2-deoxyguanosine, 8-hydroxyguanosine, 5-(hy-
droxymethyljuracil, o-tyrosine, and 3-nitrotyrosine, as well as markers of inflammation leukotrienes and anti-inflammatory
lipoxins, were analysed in EBC by liquid chromatography—electrospray ionisation—tandem mass spectrometry. In addition, the
patientsunderwent chest X-ray, spirometry and fractional exhaled nitric oxide (FeNO) exami nations. The control group included
Tmen (66 £ 16 years) with comparable lifestyle factors. The median plasma TCDD level lowered from 155 (28-553 ) ng/kg fat
in2010to 112 (46-390) ng/kg fatin 2016, i.e., 50 years afterexposure. The mean TCDD body deposit was 5.0 £+ 3.7 pg. Serum
TCDD level in the pooled sample of the controls was 12 ng/kg fat. All markers of oxidative stress, LTB4 and LTC4, remained
overexpressed in patients and anti-inflammatory lipoxins were under-expressed compared to controls (all p < 0.01). The mean
FeNO and spirometry results were within the reference values. Borderline X-ray findings and combined lung function
impairments were seen in the patients with the lower TCDD plasma levels. Differences in the expression of the biomolecular
markers in EBC as compared to controls were not associated with lung impairments and the respiratory parameters measured.
Therefore, these EBC markers can be used toevaluate systemic oxidative stressand inflammati on in tissues and theendovascular,
atherosclerotic, neurotoxic, and metabolic effects of TCDD.
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Introduction

Chlorinated dibenzo-p-dioxins (CDDs) are a family of 75
compounds commonly referred to as chlorinated dioxins,
with varying harmful effects [1-3]. Among them, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (2,3,7.8-TCDD) is one of the
most toxic CDDs to mammals. It damages the cardiovas-
cular system, brain, liver, and skin, induces metabolic
impairments [4, 5], and has been classified as a human
carcinogen [6, 7). The elimination half-life of TCDD is
about 10 years five decades after exposure [8]. This very
long persistence in the plasma provides an opportunity to
study both the chronic health impact and the mechanism of
action even 50 years later.

The group of Czech chemical workers belongs to the
most severely exposed groups of subjects among German,
Austrian, and USA chemical workers, US Ranch Hand
veterans spraying Agent Orange, populations in Vietnam
and populations exposed during an industrial accident in
Seveso in 1976 [9-14]. 55 Czech chemical workers got ill
during pesticide production in 1965-1968; however, the
TCDD concentration in the blood could only be measured
for the first time in 1996, i.e., about 30 years after expo-
sure, in 13 remaining subjects. The median level of 210
(14-760) ng/kg fat detected confirmed a very high level of
exposure [8].

A correlation was found for hyperlipidaemia,
atherosclerosis, hypertension, and diabetes with the level of
TCDD in the plasma fat in the patients [15, 16]. Signs of
central nervous sysiem damage, including neuropsycho-
logical impairment, and single-photon-emission computed
tomography scans of the brain correlated with TCDD
levels [17, 18]; 50 years after intoxication, these findings
were present in 100% of individuals examined [13].

Several diseases attributable to TCDD might be asso-
ciated with macrophage activation through aryl hydrocar-
bon receptor activation in blood vessels and with premature
cell senescence mediated by the production of reactive
oxygen species; however, other, not fully defined mecha-
nisms may play a significant role [19]. These effects can be
studied using several biomarkers, especially unsaturated
fatty acids derivatives, arising from arachidonic acid.
Leukotrienes (LT) are synthesised by leukocytes through
the enzymatic catalysis of 3-lipoxygenase and released
from the cell wall by phospholipase As. LTB4 is a potent
inducer of inflammation due to the activation of leukocytes
and is increased in patients with chronic airway inflam-
mation, as well as in patients after cardiothoracic surgery.
Cysteinyl LTs (LTC4, LTD4, and LTE4) contract airway
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smooth muscles and increase vascular permeability
[20-22].

8-Isoprostaglandin F2u (8-isoprostane) is produced by
free-radical lipid peroxidation of arachidonic acid and
represents an in vivo specific biomarker of oxidative stress.
Oxidative modification of lipids occurs during aging and in
certain disease conditions. Lipid peroxides are unsta-
ble indicators of oxidative stress in cells that transform into
more complex and reactive compounds such as malondi-
aldehyde (MDA) and 4-hydroxy-frans-nonenale (HNE)
which can form covalent adducts with biomolecules
including DNA and proteins, and are, therefore, regarded
as genotoxic and cytotoxic [23]. These markers have been
found in the exhaled breath condensate (EBC) of patients
with pneumoconiosis caused by carcinogenic asbestos and
silica [24, 25].

3-Nitrotyrosine (3-NOTyr) is a stable product of per-
oxynitrite (ONOOO™), with tyrosine residues of proteins,
which may lead to a functional relationship with neu-
trophilic inflammation. Both 3-NOTyr and o-tyrosine (o-
Tyr) have been found in patients with interstitial lung
diseases, but other studies are limited. The predominant
form of free-radical-induced lesions used as a biomarker
for oxidative stress and carcinogenesis is 8-hydroxy-2-
deoxyguanosine (8-OHdG) and 5-(hydroxymethyljuracil
(5-OHMeU) in DNA and 8-hydroxyguanosine (8-OHG) in
RNA. Chronic elevation of these markers in blood was
associated with systemic inflammation [23].

Lipoxin (LX) A4 and LXB4 are also arachidonic acid-
derived eicosanoids; however, their activity is anti-in-
flammatory and neuroprotective [26]. They belong to the
group of pro-resolving chemical mediators that enact res-
olution programs in response to injury, infection or allergy.
They turn off acute inflammatory responses and restore
tissue homeostasis [27].

In 2010, we analysed the EBC of TCDD-intoxicated
patients, and 10 out of 12 measured markers of oxidative
stress and inflammation were elevated: MDA, HNE,
8-isoprostane, B-OHdG, 8-OHG, 5-OHMelU, o-Tyr,
3-NOTyr, LTC4, and LTD4 [28]. In the last follow-up in
2016, we repeated the collection of EBC samples to anal-
yse the trend in the level of these markers and increased the
spectrum of markers to include LXA and LXB. In addition,
we focused on the respiratory tract and examined chest
X-rays, spirometry results, and fractional exhaled nitric
oxide (FeNO) levels to determine whether the lungs are
affected in these severely intoxicated patients or if the
increased expression of biomarkers can be explained by
their systemic disorders. To the best of our knowledge, the
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information concerning respiratory findings in TCDD
intoxication is not currently available.

Results and discussion

TCDD, chest X-ray, FeNO, and pulmonary
functions

The mean TCDD blood level of the patienis decreased
from 208 + 178 ng/kg fat in 2010. The characteristics and
findings in the patients are given in Table 1 in descending
order of TCDD blood level. The median body fat mass of
the patients was 25.6 kg (17.8-69.7 kg) and their TCDD
body deposit decreased from mean 54+ 350 to
50+ 3.7 pg.

TCDD levels from all years, when they were available,
are shown in Table 2. The median TCDD plasma level
dropped from 155 (28-553) ng/kg fat in 2010 to 112
(46-390) ng/kg fat and the median TCDD half-life
50 years after exposure reached 10.2 (5.5-24.1) years. The
declining level of TCDD is clearly seen, in spite of some
missing data and body weight changes during the years
(mostly body weight increase resuliing in dilution of
TCDD concentration in fat), similar to the findings of
Neuberger [14]. Serum TCDD level in the pooled sample
of the seven male controls was 12 ng/kg fat, and toxic
equivalency quotient (TEQ) was 20.5 ng/kg. All other
congeners were under detection limit of 8 ng/kg fat.

Individual dioxin-like congeners and their median
Word Health Organization Toxic Equivalency Factor
(TEF) (WHO-TEF 2005 [29] in the patients and three
wives of the patients, living in the distance 1.5-10 km from
the factory are shown in Table 3. Median TEQ in the

patients in 2016 was 146 (74-418) ng/kg fat. Rather sur-
prisingly, the levels of two congeners in the wives (OCDD
and 2,3,7.8-PeCDF) were higher than in the control, in
addition, OCDD was higher than in the group of patients.
Three further congeners were elevated in the patients, as
can be seen.

2,347 8-PeCDF with TEF 0.3 may be the most
important among the congeners found; its median level
dropped from 56 (19-63) ng/kg lipids in 1996 to about
50%. However, during this period, it increased 1.5-2-fold
in patient No. 1 and patient No. 4. Surprisingly, 2,3,7.8-
TCDF was ninefold higher comparing with median 3.7
(1.1-4.3) ng/kg in 1996. Eventually, 1.2.3,6,7,8-HxCDF in
patient No. 1 increased 11-fold from 1996. Therefore, other
sources, such as food with a higher fat content may have
contributed. Because of a low level of these congeners in
the wives of the patients, local contamination with these
congeners due to living in the proximity of a chemical
plant does not seem to be the cause [30].

Patients 5 and 6 declared chronic bronchitis symptoms,
i.e., the presence of a chronic productive cough for
3 months during each of 2 consecutive years. 50% of
patients showed a normal chest X-ray pattem. Borderline
X-ray findings, described as interstitial pattern, were seen
in patients 4, 5, 7, and 8, as shown in Table 1. Body
plethysmography found obstructive ventilatory impairment
of mild grade in patients 1, 4, 5, and 6; patient 7 had
medium and patient 8 mild combined obstruction and
restriction.

Two patients had borderline FeNO values, while the
results in the remaining patients were within the normal
range. The average FeNO in the patients (18.1 £ 7.8 pg/
kg) comesponded to the median FeNO of healthy male

Table 1 Characteristics of the patients and their X-ray and spirometry findings

Subject Age TCDD leveling/kg Smoking Pack- Chest FEV1 FvC FEVI/F¥C TLC RV %

no. fat years Keray Gp %p Sp TLC

1 71 390 Smoker 13 N 593 359 0.81 96.2 152

2 72 320 Ex-smoker 1 N 116 119 0.74 134 98

3 73 300 No 0 N 104.3 107.9 0.74 121.5 107

4 72 140 Smoker 45 B 76 62.9 093 102.1 130

5 71 84 Smoker 36 B 66.4 713 0.67 107 143

6 72 83 Ex-smoker 28 N 752 741 077 91 104

7 71 66 Ex-smoker 35 B 617 56.5 0.83 58.6 135

8 76 46 Ex-smoker 22 B 758 635 0.90 73.6 108

Mean/ % 724 = 1.3 180 £ 110 38% 23+ 14 S50% T9£17 T7T+£20 080007 9820 122+17
Smokers

FEV1/FYC ratio was considered low if it was less than (0,70, the other parameters under 80% of the predicted values (lower levels are in bold)

TCDD, 2.3,7.8-tztrachlorodibenzo-p-dioxin; N, normal; B, borderline interstitial pattern; FEV1, forced expiratory volume in 1 s; FVC, forced
vital capacity; TLC, total lung capacity; RV, residual volume; p, predicted
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I"Zﬁlniﬁéfmw dioin TCDD plasma level ng/kg fat 1996 200172003 2008 2010 2016
t';’;DD} in the serum of the Patient 1 760 517 756 553 390
patients from 1996 to 2016 Patient 2 600 401 415 21 300
Patient 3 400 264 364 380 320
Patient 4 230 NA m 182 140
Patient 5 NA 128 179 2 66
Paient 6 220 NA 137 128 83
Patient 7 NA 12 264 129 84
Patient 8 T4 NA 236 45 46
Mean 381 287 18 208 179
D 250 172 195 178 136
Median 315 264 2608 155.5 112

NA not available

Table 3 Plasma concentration (ng/kg) of polychlorobenzodioxing (<CDD) and polychlorodibenzofurans (<CDF) in the group of patients in 2016

Patient Congener TEF WHO 2005 Patients (N = 8) Wives (of patient 1, 2, 4)
Median Mean Maximum Median Mean Max imum

1 2,3,7.8-TCDD 1 112 180 390 <§ [ 22
2 1.23.7.8-PeCDD 1 = 30 = 30 < 30 <8 < & <8
3 1,23.4.7.8-HxCDD 0.1 < 30 < 30 < 30 <8 < 8 <8
4 1.23.6.7.8,9-HxCDD 0.1 = 30 = 30 = 30 < 8§ < & < 8§
5 1,23,7.89-HxCDD 0.1 < 30 < 30 <30 <8 < 8 <8
6 1,234.6.7.8-HpCDD 0.1 < 30 < 30 < 30 <8 < & <8
7 oCDD 0.0003 < 30 < 30 <30 9 89 134
8 2,3,7.8-TCDF 0.1 331 42 150 <§ <8 <§
] 1,2,3,7.8-PeCDF 0.03 < 30 16 130 <§ <8 <§
10 2,347 8-PeCDF 0.3 25 49 160 12 13 18
11 1.23.4.7.8-HxCDF 0.1 = 30 = 30 < 30 <8 < & <8
12 1,2,3,6.7.8-HxCDF 0.1 < 30 5 421 <§ <8 <§
13 1.23.7.89-HxCDF 0.1 < 30 < 30 < 30 <8 < & <8
14 2,3.4,6.7.8-HxCDF 0.1 < 30 < 30 < 30 <8 < & <8
15 1.2,3,4,6,7.8-HpCDF 0.01 < 30 < 30 < 30 <8 < 8 <8
16 1,234.7.89-HpCDF 0.01 =< 30 <30 <30 <8 <& <8
17 OCDF 0.0003 < 30 < 30 < 30 < 8§ <8 < 8§

< #/= 30 = under detection limit = under detection limit™. Patient 2 lives at the 1.5 km distance from the factory, patient 1 at 2 km, patient 4 at

10 km distance. 1 elevation since 1996

subjects [31]. No correlation of spirometry parameters with
plasma TCDD was seen.

Markers of oxidative stress and inflammation

All markers of oxidation of lipids, proteins and nucleic
acids in EBC were overexpressed in the patients compared
to healthy control males, as shown in Fig. 1.

Among the inflammatory markers, LTB4 and LTC4
remained overexpressed in the EBC of patients and anti-
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inflammatory LXA4 (p < 0.003) and LXB4 (p < 0.001)
were under-expressed. LXA4 correlated with LXB4
{(p < 0.001). No trend was seen in the levels and no sig-
nificant elevation in 2016 compared to 2010 was seen. No
correlation of EBC markers with the impairment in lung
function parameters was seen. Maximal o-amylase activity
in all samples did not exceed 0.1% of the saliva activity.
No significant differences in conductivity or EBC pH were
found. No correlation of EBC markers with TCDD level or
TCDD body burden in the same year was seen.
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Fig. 1 Markers of oxidative stress and inflammation in 2.3.7.8-
tetrachlorodibenzo-p-dioxin { TCDD)-exposed patients (in 2010 and
2006) and controls (2010) in exhaled breath condensate. MDA,
malondialdehyde; HNE. 4-hydroxy-rrans-nonenale; 8-iso,  8-iso-
prostaglandin Flx; 8-OHAG, 8-hydroxy-2-deoxyguanosine;
8-0OHG, 8-hydroxyguanosine; 5-OHMell, 5-(hydroxymethyl juracil;

The elevaied biomolecular markers of oxidative stress
and inflammation in EBC are commonly related to respi-
ratory disorders, as pro-inflammatory LTs, 8-isoprostane,
and other markers of oxidative stress are important in the
pathophysiology of many lung diseases. The high propor-
tion of elevated EBC markers in our TCDD-intoxicated
group of patients in 2010 inspired us to consider a potential
association with respiratory disorders [27].

The results of the examinations of the respiratory system
in eight patients with the severe chronic TCDD intoxica-
tion did not display any pathological findings related to
TCDD. The impairments in the chest X-ray and lung
functions were more pronounced in those patients with a
lower TCDD level and could possibly be attributed to
smoking. No correlation of these findings with TCDD body
burden was found.

Obviocusly, the origin of EBC markers is not limited to
the lungs [32]. As has already been mentioned, most of our
patients have hyperlipidaemia, atherosclerosis, hyperten-
sion, and diabetes [18, 33]. It has been shown that induc-
tion of oxidative stress plays a key role in cardiovascular
and neurotoxic damage, aging and cancer development,
and elevated markers can be found in the blood [34-36). It
was also shown that the level of EBC markers can be
reduced by blood purification using extracorporal methods
[37].

Therefore, our results do not point to individual organs.
Arachidonic acid, the precursor of eicosanoids, is stored
within membrane phospholipids of numerous cells, such as
granulocytes, macrophages, eosinophils, differentiated T
cells, dendritic cells, and osteoclasts. Isoprostanes in
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o-Tyr, e-tyrosine; 3-NOTyr. 3-nitrotyrosine; LT, leukotriene: LX,
lipoxin. MDA and HNE are expressed in pgjmj_ all other markers in
ng/m’". The symbols denote the significance levels of data equivalency
gained from the workers and controls. ***p < 0,001, **p < 0.01. The
bars denote the confidence levels (p = 0.05)

various body fluids are elevated by conditions related to
oxidative stress, which may accelerate the development of
vascular disease. 8-Isoprostane and HNE were associated
with hyperlipidacmia and cerebral microbleeds. Reactive
oxygen species-based biomarkers appear excellent inte-
grators for total cardiovascular risk [38]. Peripheral blood
lipid peroxidation markers may also indicate small vessel
disease in the brain [39] and impaired brain perfusion
which was documented in these TCDD chronically
exposed patients [13, 17].

Likewise, LTA4 hydrolase, metabolising LTA4-LTB4,
is ubiquitously expressed, which can explain the produc-
tion of LTB4 in many tissues at the site of inflammation,
which is called the “transcellular biosynthesis of LTs”
[40, 41]. This involves various inflammatory diseases,
cardiac dysfunction, and cardiac apoptosis [42, 43] in
addition to endoluminal gastrointestinal diseases, oesoph-
agogastric cancer, colorectal cancer, and inflammatory
bowel disease [d4].

EBC analysis confirmed the prominent level of oxida-
tive and inflammation markers, which had already been
detected in 2010; no significant differences from the 2010
results were seen. This supports the use of EBC analysis in
the evaluation of toxic environmental exposures. In disor-
ders where oxidative stress disturbs several organ systems,
and especially when the toxic agent is highly elevated in
the blood, markers from lipids, proteins, and nucleic acids
can be found in EBC and reflect sysiemic effects. This
appears to be the case in TCDD intoxication and agrees
with the experimental data [45]. The mechanism of TCDD-
induced damage results in changes in the expression of
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genes of a broad spectrum of drug-metabolising enzymes
which play a key role in TCDD toxicity and has close links
to cardiovascular, immune, metabolic diseases and other
systemic effects [5, 46].

The main limitation is the low number of patients
examined in this study; unfortunately, due to the 50-year
delay, no other patients are available for follow-up. The
results are non-specific and do not point to specific organs
being affected. The strength, on the other hand, is the
availability of actual TCDD plasma levels, enabling the
results to be compared with the exposure level.

Conclusion

Markers of oxidative stress and inflammation are stable in
the EBC of patients with severe chronic TCDD intoxica-
tion and reflect systemic damage due to this toxic agent.
They appear useful for the monitoring of systemic intoxi-
cation, including atherosclerosis, vascular, metabolic, and
neurotoxic impairments. TCDD does not importantly affect
the lungs and the elevated markers of oxidative stress and
inflammation in eight patients with severe chronic TCDD
intoxication were not associated with pathological X-ray
findings, lung function impairments or FeNO elevation.

Methods

Follow-up examination of eight men (72.4 4+ 1.3 years)
included the analysis of TCDD in the blood using high-
resolution gas chromatography and mass spectrometry after
clean-up of the silica and carbon columns, as previously
described [13]. The patients answered questions on their
symptoms and medication, in addition to their family,
personal and occupational history. Then, they underwent
physical examination, chest X-ray, EBC collection, FeNO
analysis, and body plethysmography. TCDD content in the
body fat was calculated from their total body fat mass
measured by dual-energy X-ray absorptiometry and mul-
tiplied by TCDD concentration in the fat, as previously
described [33].

The control group included 7 men (66.0 £ 16 years),
five were smokers (71.4%), and two non-smokers. They
had physical examination, blood, and EBC collection. In
addition, blood of three wives of the patients was analysed
for TCDD and other dioxin-like contaminants to eliminate
a possible local effect of the living location in the
1.5-10 km distance from the factory, from which, how-
ever, the old TCDD-contaminated herbicides residues have
been removed more than a decade ago. All subjects gave
written consent for the examination according to the Hel-
sinki Declaration. The results in 2016 were compared with
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their findings during the previous examinations in 2010
[28]).

EBC samples were collected using the Ecoscreen Turbo
(DECCS, Jaeger, Germany). All subjects breathed tidally
for about 15 min through a mouthpiece connected to a
condenser (— 20 °C) while wearing a nose clip. A mini-
mum volume of exhaled air of 120 dm® was maintained
using the EcoVent device by Jaeger (Germany), and time
of collection was 15 min. All samples were immediately
frozen and stored at — 80 °C [37, 47]. MDA, HNE,
B-isoprostane, 8-OHdG, 8-OHG, 5-OHMelU, o-Tyr, and
3-NOTyr were measured in the EBC of the subjects [48].
Furthermore, LTs LTB4, LTC4, LTD4, and LTE4 were
detected using a pre-treatment step, solid-phase extraction
and a detection method using liquid chromatography—
electrospray ionisation—tandem mass spectrometry (LC—
ESI-MS/MS), consisting of a quatemary pump, Accela
600, and an Accela aufosampler linked with a triple
quadrupole mass spectrometer TSQ Vantage equipped with
heated electrospray ionisation (Thermo Fisher Scientific),
as previously described [49, 50]. To exclude contamination
of EBC by saliva, x-amylase concentration was determined
[47]. The measurement of acidity of EBC (pH value) was
done by standardized pH-meter 5220, Mettler Toledo
(Switzerland). The conductivity was measured directly by
CyberScan CON 11, Cond/TDS Meter, Moris Technology
(USA) as a reference indicator in the EBC dilution [51].

Pulmonary function testing was performed by body
plethysmography, Jaeger, Germany. The measurements
were carried out according to the standard protocols of the
American Thoracic Society and European Respiratory
Society Guidelines [52] and the results were expressed asa
% of the predictive value. The best of three consecutive
measurements was chosen. The measurement included
forced expiratory volume in 1s (FEVI1), forced vital
capacity (FVC), total lung capacity (TLC), and residual
volume (RV). FEVI and FVC were used to calculate the
FEVI/FVC ratio. The parameters were considered low if
they were less than 80% predicied and if the FEVI/FVC
ratio was less than 0.70.

Prior to lung function examinations, fractional exhaled
nitric oxide (FeNO) was measured by a portable Hypair
FeNO analyser (Medisoft, Belgium). According to ATS/
ERS recommendations, values above 25 pg/kg were eval-
uated as borderline, and above 50 pg/kg as highly probably
indicating eosinophilic inflammation [53, 54].

Basic descriptive statistics (mean, median, confidence
interval, standard deviation, skewness, and kurtosis) were
computed for all variables, which were subsequently tested
for normality using the Kolmogorov—Smirnov test. The
independent-groups ¢ test was used for workers versus
controls. The bivariate relationship between varables
under study was assessed using the comelation coefficient.
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Statistical significance was set at p < (0.05. All analyses
were conducted using QCExpert (Trilobyte, Czech
Republic) and using MS Excel (Microsoft CZ, Czech
Republic).
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