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The purpose of this study was to explore accuracy in use of continuous 6 
glucose monitoring (CGM) together with oral glucose tolerance test 7 
(OGTT) to detect impaired glucose tolerance and early onset of type 1 8 
diabetes and to define its stages during a follow-up of children with 9 
increased genetic susceptibility to type 1 diabetes. Follow-up studies 10 
have reported that children with multiple islet autoantibodies have a 11 
lifetime risk of 85% to develop type 1 diabetes and its prediction has 12 
turned out to be challenging and new methods to prediction are needed. 13 

Study subjects were recruited from the Finnish type 1 diabetes 14 
prediction and prevention (DIPP) study. Subjects were divided into five 15 
groups depending on their islet autoantibody profile and glucose 16 
tolerance defined on baseline. Each subject went trough 7-10 days CGM 17 
period which included OGTT. If wanted, subjects performed OGTT also 18 
at home and CGM curves from Home-OGTT were compared to see if 19 
OGTT would be accurate to perform remotely if needed. The CGM 20 
curves during OGTT were analyzed and compared to plasma glucose 21 
values taken during OGTT. 22 

Results show that CGM can reliably detect asymptomatic stage 3 23 
diabetes during a standard OGTT and detect a significant difference 24 
during a 10-day sensoring period compared to non-diabetic individuals. 25 
These results show that CGM could be an alternative tool to predict 26 
early onset of type 1 diabetes. When compared the CGM curve to 27 
plasma glucose curve during OGTT, the peak appeared approximately 28 
15 min later with CGM than with plasma glucose, when the most 29 
common time of the peak was at 30 minutes timepoint. This can be due 30 
to the lag time with CGM, but it would be interesting to see the 45 min 31 
timepoint with plasma glucose to see if the peak seen with CGM is more 32 
reliable. Generally, CGM provides more information about subjects 33 
glucose metabolism compared to OGTT, confirms normoglycemia and 34 
detects dysglycemia and asymptomatic stage 3 diabetes. 35 
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ABSTRACT  85 

Objective: New methods are pivotal in accurately predicting, monitoring, and diagnosing the 86 

clinical manifestation of type 1 diabetes in high-risk children. Continuous glucose monitoring 87 

(CGM) is a valuable tool for patients with type 1 diabetes, but there is still a knowledge gap 88 

regarding its utility in the prediction of diabetes. The current study explored whether 10-day 89 

CGM or CGM during an oral glucose tolerance test (OGTT) performed in the laboratory or at 90 

home (home-OGTT) could be accurate in detecting stages of type 1 diabetes.  91 

 92 

Research design and methods: 46 subjects aged 4-25 years carrying genetic risk for type 1 93 

diabetes were recruited and classified into the following groups: islet autoantibody (IAb) 94 

negative, one IAb, and stages 1-3 of type 1 diabetes, based on the laboratory OGTT and IAb 95 

results at baseline. A 10-day CGM was initiated before the OGTT. 96 

 97 

Results: Here, we showed that CGM was sensitive in detecting asymptomatic individuals at 98 

stage 3, and dysglycemic individuals in stage 2 of type 1 diabetes both during OGTT and the 99 

10-day period. CGM also showed significant differences in several variables during the 10-day 100 

sensoring among individuals at different stages of type 1 diabetes. Furthermore, CGM showed 101 

different OGTT profiles and detected significantly more abnormal OGTT results when 102 

compared to plasma glucose. 103 

 104 

Conclusions: CGM together with home-OGTT could detect stages of type 1 diabetes and offer 105 

an alternative method to confirm normoglycemia in high-risk individuals.  106 

 107 
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INTRODUCTION 110 

Longitudinal follow-up studies have reported that children with multiple islet autoantibodies 111 

(IAbs) have a lifetime risk of more than 85% to develop type 1 diabetes (1–3) and develop 112 

alterations in glucose metabolism even several years before the clinical diagnosis of diabetes 113 

(4). For example, the first-phase insulin response (FPIR) is lower among progressors compared 114 

to controls as early as 4-6 years prior to the clinical presentation of diabetes (5,6). In addition, 115 

a delayed peak in C-peptide response to oral glucose, an abnormal oral glucose tolerance test 116 

(OGTT), increasing HbA1c, or an increased glycemic variability (7–9) can be detected 1-2 117 

years prior to diagnosis. In general, children participating in prediction studies are diagnosed 118 

at an early stage of type 1 diabetes. Therefore, the frequency of ketoacidosis at the time of 119 

diagnosis is lower compared to patients from the general population (10). Despite 120 

improvements in prediction measurements, it remains challenging to predict the impending 121 

manifestation of type 1 diabetes among high-risk children, and new methods are needed. 122 

Furthermore, frequent OGTTs, laboratory tests and study visits, are often challenging and 123 

burdensome for the individuals at risk and their families. 124 

Continuous glucose monitoring (CGM) is a useful tool for diabetes management. CGM has 125 

been shown to improve glycemic control and may also reduce the risk of complications in 126 

patients with type 1 diabetes (11,12). However, there is a knowledge gap concerning the use 127 

of CGM in diabetes prediction. Previous studies have suggested that CGM can detect early 128 

hyperglycemia in children with multiple IAbs (13). In addition, evening glucose values 129 

measured with CGM appear to have a higher range in children with at least two IAbs than in 130 

children without IAb (8). Although HbA1c is a good indicator of long-term glucose levels, it 131 

provides no information about daily glucose variability in comparison to CGM (14). Further, 132 

CGM can detect increased glucose variability even before abnormal results in the standard 133 



   
 

   
 

OGTT in IAb-positive children (8). However, more information is needed to validate CGM in 134 

the detection of different stages preceding the clinical presentation of type 1 diabetes (15). 135 

The goal of this study was to explore whether minimally invasive continuous glucose 136 

monitoring together with home-OGTT could be a safe and accurate alternative to reliably detect 137 

impaired glucose tolerance, make a diagnosis of early type 1 diabetes and its different stages 138 

during the follow-up of children with increased genetic susceptibility to type 1 diabetes. 139 

 140 
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RESEARCH DESIGN AND METHODS 159 

 160 

Source cohort of the study 161 

Study subjects were recruited from the prospective Finnish Type 1 Diabetes Prediction and 162 

Prevention (DIPP) study. Briefly, in the DIPP-study children born in three Finnish university 163 

hospitals (Turku, Tampere, Oulu) are screened for HLA-conferred susceptibility to type 1 164 

diabetes, and those at increased risk are invited to the follow-up, which includes regular blood 165 

sampling for measurement of IAbs against insulin (IAA), protein tyrosine phosphatase-related 166 

IA-2 antigen (IA-2A), glutamic acid decarboxylase 65 (GADA) and zinc transporter 8 (ZnT8A) 167 

every 3-6 or 12 months as described previously (10,16). IAA, GADA, IA-2A, and ZnT8A were 168 

analyzed using specific radiobinding assays (17–20). HLA-DQB1 alleles were analyzed from 169 

cord blood using lanthanide-labeled oligonucleotide probe hybridization and time-resolved 170 

fluorometric detection as previously described (21). The classification and selection of the 171 

children with HLA-based genetic susceptibility to the DIPP-study has been described 172 

previously (22). The study was approved by the Ethics Committee of the Hospital District of 173 

Northern Ostrobothnia, Oulu, Finland. Separate written informed consents were obtained for 174 

genetic screening, follow-up, and for this study. 175 

 176 

Study design and definition of study groups 177 

The subjects were classified into the following five groups based on the presence of islet 178 

autoantibodies and stage of type 1 diabetes defined at the first study visit as described in Figure 179 

1 and Table 1. The classification of the stages has been described previously (15) and was 180 

based on the number of islet autoantibodies (IAA, IA-2A, ZnT8A and GADA), HbA1c and 181 

laboratory OGTT using the following definitions: 0 IAb, (islet autoantibody negative children 182 

with normoglycemia), one IAb, (children with a single islet autoantibody and normoglycemia), 183 



   
 

   
 

Stage 1 type 1 diabetes (children with two or more islet autoantibodies and normoglycemia), 184 

Stage 2 type 1 diabetes (children with two or more islet autoantibodies and dysglycemia), and 185 

Stage 3 type 1 diabetes (autoantibody-positive children who developed diabetes during the 186 

study period and had two diabetic OGTTs defined according to the ADA and WHO criteria 187 

(23,24) or having at least twice fasting plasma glucose ≥7 mmol/l or random plasma glucose 188 

≥11.1 mmol/mol at the study visit or during the CGM period). Dysglycemia was defined by 189 

one or more of the following findings: fasting glucose ranging between 6.1 and 6.9 mmol/L, 190 

any glucose value ≥11.1 mmol/l at 15, 30, 60 or 90 min time points during the OGTT, 120 min 191 

plasma glucose 7.8-11.0 mmol/l or HbA1c over 39 mmol/mol (5.7%). All study subjects were 192 

asymptomatic, and the early diabetes diagnosis was based on OGTTs, except for one individual 193 

whose diagnosis was prompted by a high CGM value in the beginning of the CGM period and 194 

was confirmed by two high random plasma glucose values. If a subject had shown a 195 

dysglycemic OGTT prior to the start of the study, two normal OGTTs were required to be 196 

classified into the normoglycemic group. Individuals with ISO-BMI ≥ 30 kg/m2 (or BMI for 197 

subjects over 18-years-old) and pregnant subjects were excluded from the study (25). Tanner-198 

staging (26,27) was applied at the study visit for pubertal evaluation. During our study period, 199 

none of the study participants was on any form of treatment that would affect glucose 200 

metabolism.  201 

 202 

Continuous glucose monitoring (CGM) 203 

A Dexcom G6 continuous monitoring system (Dexcom, Inc., San Diego, CA) sensor was 204 

placed on the subject´s lower abdomen at least 12 hours before the first OGTT performed at 205 

the DIPP-study laboratory or at home. The CGM was continued up to 10 days, and data were 206 

excluded if less than 24 hours were recorded, or if the subjects developed an infection during 207 

the sensor use. The Dexcom G6 CGM sensor records glucose values ranging between 2.2 and 208 



   
 

   
 

22.2 mmol/l. The mean absolute relative difference (MARD) for the Dexcom G6 CGM device 209 

in accuracy studies comparing sensor glucose values with reference venous blood glucose 210 

values has been reported to be 9.0% (28). If a subject was diagnosed with type 1 diabetes and 211 

insulin treatment was started during the period of sensor use, the CGM data after the initiation 212 

of insulin treatment were excluded. CGM was masked for the majority of subjects (65%) but 213 

was unmasked for 35% of subjects upon request by the subjects or their guardians. 214 

Furthermore, if a subject had a diabetic OGTT prior to or during the study period the CGM 215 

sensor was unmasked.  216 

 217 

Oral Glucose Tolerance Test (OGTT) 218 

A standard six-point OGTT (23) was performed between 8-10 am 1-3 days after the beginning 219 

of the CGM. Blood samples were drawn at the following time points: 0-, 15-, 30-, 60-, 90- and 220 

120-min. Subjects were advised to fast for at least 10 h prior to the OGTT. Fasting plasma 221 

glucose was measured before the subjects drank the glucose solution. The starting time for the 222 

OGTT was collected from the CGM sensor and defined as the time when the drinking started. 223 

Subjects were asked to drink the solution promptly within 5 minutes, otherwise the test was 224 

considered as failed. Plasma glucose and HbA1c levels were analyzed using standard assays in 225 

the Clinical Chemistry Laboratory Turku University Hospital. An enzymatic assay with 226 

absorbance measurement was used for plasma glucose with a Cobas c 702 (Roche Diagnostics, 227 

Basel, Switzerland) and an electrochemiluminescence immunoassay (ECLIA; Roche 228 

Diagnostics) for HbA1c with a Cobas c 501 analyzer (Roche Diagnostics). The glucose drink 229 

(Glucosepro, Mediq, Finland) contained 75g glucose in 250 ml liquid. The dose administered 230 

was 1.75g glucose/kg body weight up to 43 kg and 75g of glucose for participants with body 231 

weight > 43kg. 232 

 233 



   
 

   
 

Home-OGTT 234 

Participants were advised to perform a home-OGTT with the same instructions as for the 235 

laboratory OGTT (i.e. fasting for at least 10 hours and performing the test between 8-10 am) 236 

as in the laboratory OGTT, and to measure self-monitored blood glucose (SMBG) before (0 237 

min) and after (120 min) the home-OGTT. Home-OGTT was not performed if the participant 238 

had had diabetic plasma glucose values during the laboratory OGTT (fasting plasma glucose 239 

≥7.0 mmol/l or 120 min plasma glucose ≥11.1 mmol/mol) at the study visit or if the fasting 240 

blood glucose concentration was ≥7.0 mmol/l prior to the home-OGTT measured with SMBG. 241 

The same amount of glucose was used for the home-OGTT and the laboratory OGTT. All CGM 242 

data were retrieved using the Dexcom Clarity program (Dexcom). 243 

 244 

Statistical analyses 245 

Power calculations suggested that a sample size of 5-10 subjects per stage was needed to detect 246 

a 10% difference in mean evening plasma glucose values in CGM recordings (4.4-4.8 mmol/l) 247 

between IAb negative and positive subjects with 80% probability assuming a 5% type one error 248 

rate using a two-tailed t-test. Unless stated otherwise, analyses were performed using GraphPad 249 

Prism version 9 for Windows, (GraphPad Software, San Diego, CA). Analyses of differences 250 

in categorical variables between groups were carried out with the JMP® version 16 (SAS 251 

Institute Inc., Cary, NC) using Fisher’s exact test, whereas calculations of metrics of glucose 252 

variability in 10-day CGMs including MAGE (mean amplitude of glucose excursions), HBGI 253 

(high blood glucose index) were done in R statistical environment (R Foundation for Statistical 254 

Computing, Vienna, Austria) using a package ‘iglu’(29). 255 

 256 



   
 

   
 

The normal distribution assumption was checked using D´Agostino Pearson´s or Shapiro-257 

Wilks tests, and if needed, data were logarithm or square root transformed to meet the 258 

assumption of normality. Differences between means were tested using a one-way analysis of 259 

variance (ANOVA) if a variable satisfied the assumption of normal distribution and the 260 

equality of variances, and Kruskal-Wallis if it didn´t. For post-hoc comparisons Tukey´s test 261 

was used with normally distributed data, Dunn’s test with the nonparametric Kruskal-Wallis 262 

ANOVA, and Dunnett´s T3 with Welch Anova (30). 263 

Percentages each subject spent above each 0.1 mmol/l strata between 6 and 12 mmol/l were 264 

calculated. The differences in mean percentages of time between groups above 7.8 and the 265 

stratum that differed the most between groups were reported. Comparisons between plasma 266 

and sensor glucose values during the OGTT were analyzed with paired t-test in each group. 267 

Changes in mean glucose values over time points were compared between groups using a 268 

mixed-effects model including time and groups as within and between factors, respectively. 269 

The subjects were included as a random effect. The correlation between plasma and sensor 270 

glucose values during the OGTT was tested using Pearson’s or Spearman’s correlation tests. 271 

The AUCs were calculated using the trapezoidal method. 272 

 273 

 274 

 275 
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RESULTS 282 

 283 

Demographics and classification of study participants into different groups and stages of type 284 

1 diabetes 285 

As described in Figure 1, a total of 46 children with HLA-conferred risk for type 1 diabetes 286 

participated in the study. Six-point laboratory OGTT data were available from 45 individuals, 287 

CGM data from 40 individuals and 24 subjects performed home-OGTT during the sensoring. 288 

There were no significant sensor-related complications such as local skin reactions in any of 289 

the subjects. 290 

Figure 1 summarizes the study overview and Table 1 shows the population characteristics 291 

including the number of IAb, laboratory OGTT, and HbA1c results at the baseline. The median 292 

age of all participants was 11.7 years (range 3.9-25.4). There were no significant differences 293 

between groups for age, sex, Tanner stage, BMI, or time from seroconversion. Twenty percent 294 

of all participants reported a first-degree relative with type 1 diabetes. As expected, the HbA1c 295 

was lowest in subjects without IAb and highest in subjects at stage 3 DM (Table 1). 296 

 297 

Correlation between venous plasma and sensor glucose values during OGTT 298 

To test the accuracy of the CGM during a standard OGTT, laboratory venous plasma and sensor 299 

glucose values during laboratory OGTT were compared in subjects with 0 or one IAb, and at 300 

Stages 1-2 (N=34) in Figure 2A and 2B and Supplemental Table S1. Stage 3 individuals did 301 

not undergo a home-OGTT were not included in Figure 2C. As shown in Figure 2A, the means 302 

of plasma and sensor glucose during the laboratory OGTT overlapped, but sensor glucose 303 

values were significantly higher than plasma glucose after the 30 min time point. When all 25 304 

CGM time points were included, the CGM OGTT curve showed a different shape compared to 305 

the standard six-point venous plasma OGTT (Fig. 2B). The peak value was observed 306 



   
 

   
 

approximately 15 min later in the CGM than in the plasma glucose during the OGTT. 307 

Comparison between the home-OGTT and laboratory OGTT using the CGM device showed 308 

almost identical curves (Fig. 2C). The correlation between the sensor glucose and plasma 309 

glucose values during the laboratory OGTT at the 60 min time point is shown in Figure 2D. 310 

Overall, the correlation varied between moderate to strong (r=0.41-0.82) at different (0, 15, 30, 311 

60, 90 and 120 min) OGTT time points and a stronger correlation was observed in later (60, 90 312 

and 120 min) as opposed to earlier time points (0, 15 and 30 min) of the OGTT as described 313 

more detail in Supplemental Figure S1. 314 

 315 

Sensor and venous plasma glucose variations in individuals at different stages of type 1 316 

diabetes during OGTT 317 

The graphical and statistical comparisons of sensor and plasma glucose values between the 318 

study subjects during laboratory OGTT with different IAb profiles and stages of type 1 diabetes 319 

during OGTT are presented in Figure 3 and Supplemental Table S1. An illustration of the 320 

plasma and CGM glucose curves during the laboratory OGTT of each individual in different 321 

groups is shown in Supplemental Figure S2. Overall, sensor and plasma glucose values were 322 

highly comparable among individuals without IAb or with an early diagnosis of type 1 diabetes. 323 

Among individuals with one IAb or at stages 1 and 2 sensor glucose values were in general 324 

significantly higher than the plasma glucose between 30-60 min time points (Fig. 3). There was 325 

a difference between groups in the shape of the CGM glucose patterns during the OGTT 326 

(p<0.0001 for interaction between time and study group in the mixed-effect model). As 327 

expected, the most prominent differences were observed between stage 3 and other groups at 328 

or after 30 min. At 0 min the only statistically significant difference was found between stages 329 

1 and 3 (Supplemental Table S1). Both the 6- and 25-point CGM AUC values during the 330 

laboratory OGTT were higher than the AUC calculated using plasma glucose values. The AUC 331 



   
 

   
 

for the six-point OGTT was generally higher in the subjects with a higher numerical stage of 332 

type 1 diabetes for both CGM and plasma glucose. However, rather unexpectedly, the one IAb 333 

group had higher glucose AUCs than the stage 1 group (Supplemental Table S1).   334 

In the laboratory OGTT, the average peak of plasma glucose was detected in 86% at 30 min 335 

and in 14% at 60 min, while the peak was detected at a mean of 45 min (SD 9 min) when using 336 

CGM, in individuals with 0 IAb, one IAb or stage 1. In contrast, in individuals at stages 2 and 337 

3, the peak glucose value was detected significantly later during a 2h OGTT in both laboratory 338 

plasma and CGM values (Supplemental Figure S3 and Supplemental Table S2). 339 

Next, we evaluated the accuracy of the CGM in defining stages of diabetes during the 340 

laboratory OGTT. The number of individuals classified into different stages with a standard 341 

plasma glucose OGTT at baseline visit was compared to the CGM-based classification using 342 

the same criteria. As shown in Supplemental Figure S4, in 5/10 and 2/8 individuals in the stage 343 

1 and 2 groups, sensor glucose values during OGTT fulfilled criteria for dysglycemia or 344 

diabetes, respectively. In all state 3 subjects who started CGM monitoring before the laboratory 345 

OGTT (N=5), CGM values also fulfilled the OGTT criteria for type 1 diabetes. Unexpectedly, 346 

5/6 subjects with one IAb presented dysglycemic CGM values during OGTT with either fasting 347 

sensor glucose values ≥ 6.1 mmol/l or a 120 min glucose value ≥ 7.8 mmol/l. One of nine 348 

individuals in the 0 IAb group presented with dysglycemic sensor glucose values.  349 

 350 

10-day CGM variability in individuals at different stages of type 1 diabetes 351 

Glucose variability over the whole 10-day CGM was compared between the different stages of 352 

type 1 diabetes (Figure 4 and Table 2). As expected, the most obvious significant differences 353 

were observed between stage 3 subjects and the other study groups. The mean and range of 354 

sensor glucose values gradually increased from stages 1 to 3. Similarly, the average CV% 355 

values increased gradually from the 0 IAb group to stage 3 subjects: 0 IAb: CV% =15.5%, one 356 



   
 

   
 

IAb: 17.3%, stage 1:19.8%, stage 2: 22.6% and stage 3: 29.8%, respectively (Table 2). There 357 

were also statistically significant differences in several CGM variables including the nocturnal 358 

range, CGM-estimated HbA1c, HBGI, MAGE and the time (%) spent > 7.8 mmol/l between 359 

stage 3 and the other stages of type 1 diabetes. However, unexpectedly, the median time % 360 

spent over 7.8 mmol/l was higher in the one IAb group than in the stage 1 group. As expected, 361 

the highest mean in time spent > 11.0 mmol/l and > 13.9 mmol/l was observed in stage 3. The 362 

mean percentage of time spent in the 3.9-7.8 mmol/l range decreased progressively from 94% 363 

± 2.7% (SD) to 68% ± 13.4% in subjects with 0 IAb to stage 3. There were no statistically 364 

significant differences in time % spent < 3.9 mmol/l  (TBR<3.9 mmol/L) or < 3.0 mmol/l (TBR<3.0 365 

mmol/L) between any of the study groups. The CGM data of the eight asymptomatic individuals 366 

with diabetic OGTT results are shown in Table 2. For any cut-point between 6 and 12 mmol/l, 367 

the groups differed the most in time spent above 9.1 mmol/l (Supplemental Figure S5). 368 

However, significant pairwise differences were found only between stage 1 and stage 2 and not 369 

between the other adjacent groups.  370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 



   
 

   
 

CONCLUSIONS 382 

 383 

In this study, we evaluated the accuracy and variability of CGM during OGTT performed in 384 

the laboratory or at home in individuals at risk for developing type 1 diabetes. Furthermore, we 385 

tested the accuracy of CGM in defining the type 1 diabetes stages. Our study demonstrated that 386 

CGM either during OGTT or during a 10-day period is sensitive in detecting asymptomatic 387 

individuals at stage 3 of type 1 diabetes, and also showed significantly different glucose AUCs 388 

during OGTT, an increase in CV% and a decreased proportion of the time in range (%TIR i.e 389 

glucose between 3.9-7.8 mmol/l) during 10-day monitoring among individuals at different 390 

stages of type 1 diabetes. Importantly, CGM did not miss any dysglycemic or diabetic glucose 391 

values among the 34 subjects who underwent CGM during the OGTT. Accordingly, CGM 392 

seems to be a reliable method for the early detection of asymptomatic type 1 diabetes. However, 393 

our results also showed that use of CGM during OGTT in diabetes staging would lead to 394 

changed classification of individuals in early stages to more advanced stages, and thus earlier 395 

diabetes diagnosis if the ADA dysglycemia criteria are applied without any correction for CGM 396 

levels that are generally higher than plasma levels in our experience. Compared to laboratory 397 

OGTT, CGM is less invasive and offers more information and provides the ability to assess 398 

glycemic variability in real time. CGM-based home-OGTT would offer an alternative method 399 

to confirm normal glucose metabolism in high-risk research subjects, for example, during a 400 

pandemic or in the presence of other challenges related to travelling to the research laboratory. 401 

During the OGTT sensor and plasma glucose correlated best in individuals without islet 402 

autoantibodies or at stage 3 of type 1 diabetes. In general, CGM during standard OGTT showed 403 

higher values compared to plasma glucose, specifically in stage 2 and 3 individuals. 404 

Interestingly, when comparing full 25-point CGM OGTTs to a standardized 6-point laboratory 405 

OGTT curves, CGM revealed higher and slightly different timing of the peak glucose values. 406 



   
 

   
 

It appears that peak glucose values are better captured with CGM than with discontinuous 407 

measurements of a regular laboratory OGTT. However, the CGM estimates the plasma glucose 408 

by measuring the interstitial fluid glucose concentration using an electrochemical sensor 409 

inserted subcutaneously, and the sensors, in general, have a short time lag (3-12 min) when 410 

compared to blood glucose (31). The Dexcom G6 used in this study applies a predictive 411 

algorithm which reduces the time lag between plasma glucose and interstitial tissue glucose 412 

values to 4 minutes (32–34). The clinical significance of different OGTT-profiles or higher 413 

peak glucose values is less clear than the standard 0 and 2h time points, but glucose values 414 

above 11.0 mmol/l at any time point between 0 and 2h are associated with an increased risk of 415 

type 1 diabetes in genetically high- risk children (4). In accord with these findings, a decreased 416 

early (30 min) C-peptide response to oral glucose and an increased later response has been 417 

described to occurring at least 2 years before the diagnosis of type 1 diabetes (9). One could 418 

speculate that in our study, individuals with one or two IAb and a high peak (> 11.0 mmol/l) 419 

sensor glucose value but normal 0 and 2h glucose values might have a different prognosis than 420 

those without such a high peak. This profile might also be associated with lower first-phase 421 

insulin response (FPIR), which is associated with earlier β-cell dysfunction and eventually to 422 

progression to type 1 diabetes, and can also be seen in individuals with two or more IAbs (5). 423 

Long-term prospective studies using CGM during OGTT together combined with FPIR 424 

measurements would be needed to clarify this question.  425 

Previous CGM studies have demonstrated a statistically significant difference in time spent > 426 

7.8mmol/l between 0 IAb controls and patients with multiple IAbs who progressed to type 1 427 

diabetes (8,13). Steck et al. (2019) showed that during CGM an 18% cutoff value for time spent 428 

> 7.8 mmol/l predicts progression to type 1 diabetes. Similarly, using the same 18% cutoff 429 

value in our study, all asymptomatic subjects at stage 3 who developed type 1 diabetes during 430 



   
 

   
 

the study period and two subjects from the stage 2 group would have been predicted to develop 431 

type 1 diabetes.  432 

Differences in the day and night mean and range glucose values between islet autoantibody-433 

negative and positive cases have been described (8). Supporting this finding, in our CGM 434 

analysis, the daytime and nighttime means, and ranges increased gradually from stages 1 to 3. 435 

In addition, a clear increase in CV% was detected between study groups indicating that these 436 

parameters could serve as early markers of deterioration of glucose variability before the 437 

progression towards overt type 1 diabetes.  438 

Can CGM be safely used to diagnose diabetes in individuals at risk? Here, we present CGM 439 

data at the time of diagnosis in asymptomatic individuals between the age of 4.5-19.7 who 440 

fulfilled the standard OGTT diabetes criteria during the study. All seven subjects who had a 441 

laboratory OGTT that was diagnostic of type 1 diabetes at baseline also confirmed the result 442 

based on a CGM-based OGTT. The diabetes diagnosis for one asymptomatic individual was 443 

confirmed by elevated random plasma glucose values measured because of the high sensor 444 

glucose values obtained early in the study. In the 10-day CGM all these individuals showed 445 

significant differences in nearly all key CGM variables compared to the control group. Thus, 446 

the CGM values above or below (e.g., proportion of time in range) observed for our stage 3 447 

group strongly suggest the manifestation of diabetes and prompts for a confirmatory OGTT or 448 

laboratory plasma glucose measurement. The establishment of CGM reference values for 449 

people with diabetes would help clarify the diagnosis in some cases. CGM would be less 450 

invasive and time-consuming than having to repeat the standard OGTT a second time. OGTT 451 

adherence even among high-risk individuals is only around 60% for multiple reasons (35), and 452 

it may not be feasible for young children. Larger cohorts with different age groups would be 453 

required to revise the criteria for type 1 diabetes and dysglycemia by CGM (14,28). 454 



   
 

   
 

Although CGM seems to safely detect the manifestation of diabetes and demonstrate 455 

differences between different stages of its development there is a risk of overestimating glucose 456 

values and thus the stage of diabetes. Many of the normoglycemic subjects would have been 457 

considered dysglycemic or as having type 1 diabetes if only CGM values had been used, 458 

suggesting that the CGM criteria need to be adjusted. It is possible that by measuring interstitial 459 

glucose more frequently (every 5 min) during the OGTT or evaluating several hours of glucose 460 

variability in real-life, it will become easier and more sensitive to identify individuals in the 461 

one IAb or stage 1 groups who are progressing towards diabetes. Thus, our observation that 462 

several indicators of glucose metabolism in the one IAb group were higher than in the stage 1 463 

group and actually closer to the stage 2 group, would be explainable if some of these individuals 464 

were progressing towards diabetes. Unfortunately, the relatively small number of subjects (6-465 

12) per group make the results sensitive to random sampling errors. Further long-term 466 

prospective follow-up studies with CGM are warranted to confirm these findings. All of these 467 

study subjects carry an increased genetic risk of type 1 diabetes due to their HLA genotypes, 468 

thus limiting the generalization of these results. However, in our control group the mean 469 

percentage of time spent in the a range 3.9-7.8 mmol/l exceeded 93% and several other CGM 470 

parameters were consistent with metrics previously reported for a healthy normoglycemic 471 

population (28).  472 

One limitation of our study, was that we did not exclude data obtained during the first 24 hours 473 

of CGM data, but some of our subjects performed the laboratory OGTT during the first 24 474 

hours. Higher mean absolute relative difference (MARD) has been reported for the first 24 475 

hours (9.3%) compared to second (8.4%) or days thereafter (MARD for 4-5, 7 and 10 days is 476 

9.4%, 8.7% and 9.0% respectively) when using Dexcom G6 sensor (34).  477 

In summary, our findings suggest that the CGM-based evaluation of IAb-positive individuals 478 

could be a powerful alternative tool to confirm normal glucose metabolism in individuals at 479 



   
 

   
 

high risk for type 1 diabetes and could provide improved accuracy and novel insights into the 480 

prediction of type 1 diabetes and its presymptomatic staging. 481 
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FIGURE LEGENDS 640 

Figure 1. Study design and classification of the participants into the different groups 641 

and stages of type 1 diabetes. Continuous glucose monitoring (CGM) was started before the 642 

oral glucose tolerance test (OGTT) performed in the laboratory and at home and then 643 

compared to the staging (Stage 1-3) done at baseline visit based on islet autoantibodies (IAb) 644 

and laboratory OGTT as described in materials and methods. Abbreviations: 0 and 1 IAb, 645 

children without and with one type of islet autoantibodies. 646 

Figure 2. Comparison of venous plasma and sensor glucose values during OGTT 647 

performed in the laboratory or at home. Venous plasma (P-gluc, black circle) and sensor 648 

glucose (sensor gluc, white square) curves and values during OGTT performed in the 649 

laboratory (lab-OGTT, panels A, B and D) or at home (home-OGTT, panel C). A) Shows six 650 

and B) all 25 sensor glucose values during OGTT performed in the laboratory. C) Shows 651 

sensor glucose values from the laboratory test (black circle) and home-OGTT (white square). 652 

D) Pearson correlation of the sensor and plasma glucose values at the 60-minute time point 653 

during the OGTT (Other time points shown in Supplemental Figure S1). Only subjects with 654 

data from both CGM and plasma glucose during a laboratory OGTT are included in all 655 

figures. N = Number of individuals per group, r = Pearson correlation coefficient, symbols 656 

indicate means and whiskers show SD. Dotted lines show the 2h decision threshold for 657 

diagnosis of type 1 diabetes (11.1 mmol/l) and normal (7.8 mmol/l) 2h OGTT limit. 658 

Figure 3. Sensor and venous plasma glucose variation in individuals with and without 659 

islet autoantibodies (1 and 0 IAb), and at stages 1-3 of type 1 diabetes. Mean (SD) curves 660 

of sensor (white square) and venous plasma (black circle) glucose during OGTT. N= Number 661 

of individuals, *P<0.05 between plasma and sensor glucose values using unpaired t-test (two- 662 



   
 

   
 

tailed). Dotted lines show the 2 h OGTT limit for the diagnosis of diabetes (11.1 mmol/l) and 663 

for normoglycemia (7.8 mmol/l). 664 

Figure 4. 10-day continuous glucose monitoring (CGM) variability in individuals with 665 

and without islet autoantibodies (1 and 0 IAb) and at stages 1-3 of type 1 diabetes. A) 666 

Violin plot of 10-day monitoring period showing the distribution of glucose values, the 667 

bolded line indicates mean and dotted line SD. B) A scatter plot of time (%) of glucose values 668 

over 7.8 mmol/l with mean and SD. Dotted line indicates an 18% cut-off level, previously 669 

shown to predict the progression to clinical diabetes in high-risk children (11). C) Coefficient 670 

of variation in percentage (CV%). D) High blood glucose index (HBGI). In B,C and D 671 

bolded line shows mean and thinner line SD. 672 
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Table 1. Clinical characteristics and demographics of the study participants classified 692 
into different groups and stages of type 1 diabetes. 1ISO-BMI, age-, and sex-adjusted body 693 
mass index, FDR, first degree relative with type 1 diabetes, 0 and 1 IAb, children without and 694 
with one type of islet autoantibodies, classification of stages 1-3 is described in the materials 695 
and methods, na, not applicable. 696 
 697 

 698 

 699 

 700 

 Stages of Diabetes Development 
 Clinical Characteristics 0 IAb 1 IAb Stage 1 Stage 2 Stage 3 
N 9 6 12 11 8 
Male, N (%) 2 (22%) 2 (33%) 6 (50%) 2 (18%) 4 (50%) 

Age median (range) 9.3 (3.9-15.2) 12.3 (7.4-13.1) 9.7 (5.1-25.4) 15.1 (4.0-20.2) 9.7 (4.5-19.7) 

ISO-BMI1 (kg/m2), mean (SD) 22.1 (2.5) 22.3 (2.9) 22.8 (3.0) 22.7 (2.3) 22.2 (2.8) 
HbA1c (mmol/mol), mean (SD) 32.0 (7.2) 35.2 (1.8) 32.3 (1.1) 37.0 (4.1) 41.4 (2.0) 

Years from seroconversion, 
median (range) 

na 5.1 (1.5-11.4) 7.95 (2.0-20.9) 8.4 (0.8-15.0) 6.8 (0.0-20.9) 

IAbs, N (% of the group)             0 9 (100%) 0 0 0 0 

1 0 6 (100%) 0 2 (18%) 2 (33%) 
2 0 0 6 (50%) 2 (18%) 3 (50%) 
3 0 0 1 (8%) 6 (55%) 1 (13%) 
4 0 0 5 (42%) 1 (9%) 2 (25%) 

IAb type, N (%)                  GADA 0 2 (33%) 11 (92%) 9 (82%) 4 (50%) 

IA-2A 0 1 (17%) 10 (83%) 6 (55%) 5 (63%) 
IAA 0 3 (50%) 7 (58%) 6 (55%) 5 (63%) 

ZnT8 0 0 7 (58%) 7 (64%) 5 (63%) 
Tanner stage                                 1 5 (56%) 2 (33%) 5 (42%) 2 (18%) 5 (63%) 

2 1 (11%) 0 0 2 (18%) 0 
3 0 0 0 2 (18%) 0 

>3 2 (22%) 1 (17%) 3 (25%) 5 (45%) 2 (25%) 
FDR with T1D, N (%) 4 (44%) 1 (17%) 2 (17%) 0 2 (25%) 
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 703 

Table 2. 10-day CGM variables among study participants classified into different groups 704 

and stages of type 1 diabetes. Difference between groups tested using AANOVA and Tukey’s 705 

test, BWelch Anova and Dunnett´s T3 test, or CNonparametric Kruskal-Wallis and Dunn´s test. 706 

Superscripts indicate statistically significant differences to E and Gstage 3 (E p<0.001 and G 707 

p<0.05), F and H stage 2 (F p<0.001 and H p<0.05). Abbreviations: 0 and 1 IAb, children without 708 

and with one type of islet autoantibodies, CV%, coefficient of variation in percentage, MAGE, 709 

mean amplitude of glucose excursions, HBGI, high blood glucose index, and sensor glucose 710 

AUC/d, indicates area under the curve divided by the duration of monitoring in days.  711 

                                                                                                      Stages of Diabetes Development 
 

CGM variables 0 IAb 1 IAb Stage 1 Stage 2 Stage 3 

Mean (SD)A 5.80 (0.35)E 6.35 (0.35)E 5.87 (0.53)E 6.43 (0.54)E 7.35 (0.76) 
Range mean (min-max)B 1.00 (0.80-

1.30)E,F 
0.98 (0.80-

1.10)E,F 
1.16 (1.00-1.4)E 1.46 (1.00-1.90) 2.21 (1.30-3.4) 

CV% (SD)A 15.50 (1.80)E,H 17.29 (2.97)E,H 19.77 (1.93)E 22.64 (3.94)G 29.77(6.49)H 

MAGE mean (min-max)c 2.6 (2.2-2.8)E,H 2.6 (2.1-3.2)E,H 3.1 (2.3-4.3)G,H 4.1 (3.2-5.7) 4.8 (3.3-6.2) 

HBGI mean (min-max)C 0.46(0.19-0.69) 

G,H 
0.24 (0.12-0.39) 

E,F 
0.47 (0.12-1.0) 

G,H 
1.3 (0.62-2.7) 2.2 (0.41-5.9) 

Day mean (SD)B 5.73 (0.34)G 6.47 (0.69) 5.88 (0.44) 6.39 (0.46) 7.23 (1.17) 

Day range mean (min-
max)B 

0.88 (0.66-
1.12)E,F 

0.95 (0.80-
1.11)E,F 

1.12 (0.91-
1.46)E 

1.31 (0.89-2.00) 1.87 (1.25-2.58) 

Night mean (SD)A 5.75 (0.38)E 6.44 (0.40) 5.98 (0.59)E 6.57 (0.74) 7.30 (0.76) 

Night range (min-max)B 0.69 (0.51-
0.86)E,F 

0.70 (0.54-
0.86)E 

0.79 (0.36-
1.11)E 

0.99 (0.73-1.45)E 1.62 (0.99-2.21) 

Estimated HbA1c (%)  
mean (SD)A 

5.28 (0.24)E 5.62 (0.23)E 5.31 (0.32)E 5.68 (0.35)E 6.37 (0.50) 

CGM estimated HbA1c 
(mmol/mol) mean (SD)A 

34.38 (2.88)E 38.20 (2.28)E 34.50 (3.66)E 38.67 (3.67)E 46.00 (5.44) 

Measured HbA1c mean 
(SD)A 

36.00 (2.94)E 35.00 (2.83)E 32.10 (1.73)E 36.00 (3.16)E 46.00 (4.69) 

Time (%) of glucose 
<3,0 mmol/l median (95% 
CI)C 

0.00 (0.00-0.36) 0.00 (0.00-0.00) 0.10 (0.03-0.29) 0.0 (0.00-0.69) 0.10 (0.03-0.35) 

<3,9mmol/l median (95% 
CI)D 

0.33 (0.00-3.17) 0.15 (0.01-0,58) 0.85 (0.53-2.84) 0.40 (0.01-2.09) 1.10 (0.49-2.93) 

3,9-7,8 mmol/l mean (SD)B 93.95 (2.66)E 91.48 (3.22)E 90.89 (4.87)E 83.84 (10.18) 67.76 (13.44) 

>7,8 mmol/l median (95% 
CI)D 

3.95 (2.21-
6.19)E,F 

8.35 (4.82-
11.94)E 

5.95 (3.60-
10.27)E 

19.14 (7.63-21.33)E 44.48 (17.02-43.15) 

>11,0 mmol/l median (95% 
CI)C 

0.0 (0.00-
0.28)E,F 

0.20 (0.04-
0.43)E 

0.30 (0.09-
0.81)E 

1.30 (0.62-2.96) 7.55 (2.13-13.45) 

>13,9 mmol/l median (95% 
CI)C 

0 (0.0-0.21)E 0.00 (0.00)E 0.00 (0.0-0.05)E 0.30 (0.13-0.51) 1.65 (0.24-4.16) 

Sensor glucose AUC/d 
median (95% CI) 

7941 (6379-8816) 
E 

8779 (7796-9523) 8199 (7659-8805) 
E 

8688 (8529-9717) 10013 (9064-11780) 


