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Abstract 
Background and Objectives: Cystic fibrosis-related diabetes is the major comorbidity in cystic fibrosis and reduces life expectancy, highlighting the need for early diagnosis and treatment. This study aimed to verify whether abnormal continuous glucose monitoring results predict cystic fibrosis-related diabetes onset and/or a decline in the forced expiratory volume in the 1st second or body mass index of patients with cystic fibrosis. 
Methods: Thirty-nine patients with cystic fibrosis (age 10–19 years) were screened for cystic fibrosis-related diabetes using the oral glucose tolerance test. Patients without diabetes diagnose underwent 3 days of continuous glucose monitoring, spirometry and body mass index measurements and were reassessed at the end of the study with a second spirometry, body mass index evaluation and oral glucose tolerance test.
Results: Thirty-four patients completed the follow-up (3.1±0.51 years). None of the study variables predicted cystic fibrosis-related diabetes progression or were associated with hypoglycemic events. Continuous glucose monitoring could detect glucose abnormalities not revealed in the oral glucose tolerance test. Patients with glucose level of >140 mg/dL on continuous glucose monitoring showed significantly lower body mass index z scores at both study initiation (-1.55±1.68 vs. -0.17±0.88; p-value=0.02) and completion (-1.65±1.55 vs. -0.42±1.08; p-value=0.039). 
Conclusions: Continuous glucose monitoring can identify glucose abnormalities not detected by oral glucose tolerance test that are related to early stage decreases in body mass index. However, it was ineffective in predicting the onset of diabetes in this cystic fibrosis population. Different diagnostic criteria for diabetes may be required for individuals with cystic fibrosis.



1 Introduction
Cystic fibrosis-related diabetes (CFRD) is the commonest comorbidity in cystic fibrosis (CF; OMIM: #219700). CFRD pathophysiology is theorized to involve insulin insufficiency associated with some degree of insulin resistance due to inflammation and medications 1.
CFRD is correlated with a progressive decline in pulmonary function and nutritional status and therefore, lower survival 2,3. The guidelines recommendation as gold standard for CFRD screening is the oral glucose tolerance test (OGTT) 4. The OGTT is a burdensome examination, as samples are collected over a long period of time, fasting is required prior to the test, and low gastrointestinal tolerability poses challenges to adherence 5. OGTTs can induce hypoglycemic episodes following the glucose load 6-8. Continuous glucose monitoring (CGM) could be a sensitive method to detect spontaneous hypoglycemia and hyperglycemia in CF patients. CGM has been validated in children and adolescents with CF 9,10.
Hypoglycemia in CF could be associated with a delayed first-phase of insulin secretion paired with a diminished glucagon response, liver disease, undernourishment, gastrointestinal disorders, and other incretin dysfunctions 11. For CGM, the cutoff values for hypoglycemia are classified into two levels applicable to type 1 and type 2 diabetes (mg/dL): <70 (Level 1) and <54 (Level 2) 12. 
Although the risk of microvascular complications exists, the main goal of CFRD management is to avoid a decline in pulmonary function and nutritional status and to ensure glycemic control 13.
This study aimed to verify whether abnormal CGM readings (hypoglycemia/hyperglycemia) could predict the onset of CFRD and/or clinical impairment (decline in body mass index [BMI] or forced expiratory volume in the 1st second [FEV1] [percentage predicted]) in pediatric CF patients. 


2 Materials and Methods 
A prospective, single-center study was conducted from August 2014 to January 2019. All patients (aged 10–19.9 years) visiting the outpatient clinic of the CF referral center and diagnosed with CF (based on the presence of two pathogenic variants in CFTR and/or with two sweat chloride test results of ≥60 mEq/L were invited to participate (n=63).
The sweat test was conducted with a quantitative ionic analysis of sweat (iontophoresis) after pilocarpine stimulation of the skin 14. Genetic testing was performed using genetic sequencing; the genotype was classified as homozygous or heterozygous for the p.Phe508del variant and by its severity based on CFTR mutation classes (Supplement 1).
The patients were followed up during their routine clinical quarterly visits. The two time points evaluated in this study were as follows: T0, the time when participants underwent CGM and T1, the time of the routine visit closest to the first onset of CFRD. For those who did not develop CFRD, T1 was determined as the last visit before study termination. 
No participants were experiencing pulmonary exacerbations, receiving systemic corticosteroid therapy, or pregnant at the time of the data collection. Individuals with improper CGM calibration, CGM readings for <36 h, who did not complete the OGTT, and who were diagnosed with diabetes based on American Diabetes Association (ADA) criteria were excluded. No patient received enteral nutrition, lung transplant or CFTR modulators during the follow-up period.
All study participants wore the CGMS Gold® (Medtronic Minimed, Fridley, MN, USA) for a minimum of 36 h and up to 3 days at the start of the follow-up period. The number of peaks (>140 mg/dL and >200 mg/dL) and valleys (<54 mg/dL) were adjusted for the CGM duration. CGM data were provided by MiniMed Solutions Software version 1.7a. The numbers of peaks of >140 mg/dL and >200 mg/dL (total and per day); number of valleys of <54 mg/dL (total and per day); percentage of the time during which interstitial glucose values remained at <54, >140, and >200 mg/dL; area under the curve (AUC) for interstitial glucose values <54, >140, and >200 mg/dL; and the association of peaks (mg/dL) >200 with valleys <54 were evaluated.
CGM classification was based on OGTT cutoff values for normal glucose tolerance ([NGT] interstitial glucose <140 mg/dL), impaired glucose tolerance ([IGT] interstitial glucose 140-199 mg/dL), and CFRD (interstitial glucose ≥200 mg/dL at least twice). Moreover, a subgroup analysis was performed by analyzing glucose abnormalities (CFRD+IGT) vs. NGT for both CGM and OGTTs.
An OGTT was requested annually as per guideline recommendations; however, we only tracked the study variables at the two study timepoints (T0 and T1). Based on the results of the OGTT, performed according to the World Health Organization (WHO) protocol 15 and the enzymatic colorimetric method, we classified participants according to the ADA criteria: NGT (fasting blood glucose (FBG) <126 mg/dL and <140 mg/dL at 120 min), IGT (FBG <126 mg/dL and 140–199 mg/dL at 120 min), and diabetes (FBG ≥126 mg/dL or ≥200 mg/dL at 120 min [two tests]). 
Spirometry was conducted in compliance with the standards of the American Thoracic Society and the European Respiratory Society. The FEV1 (percentage predicted) was evaluated at study initiation and upon completion of the follow-up period 16. 
Two pediatric endocrinologists evaluated the participants’ weight, height, BMI, and pubertal stage at T0 and T1. BMI was presented as absolute values and z scores based on the WHO 2006 curve 17. Pubertal stage was evaluated using Tanner staging 18,19. 
Exocrine pancreatic function (exocrine pancreatic insufficiency <200 μg/g) was evaluated based on fecal elastase-1 levels at the beginning of the follow-up period with the ScheBo Pancreatic Elastase 1 Stool Test ELISA (ScheBo, Giessen, Germany) 20.
The study protocol was approved by the Ethics Committee of the University of Campinas (#3.328.215). The research protocol complied with the ethical principles of the Declaration of Helsinki II and Resolution 466/12 of the National Research Ethics Committee. All participants or their legal guardians provided written informed consent for study participation. Minors provided written assent as well.

2.1 Statistical analysis
All data were analyzed using SPSS version 20.0 (IBM Corp., Armonk, NY, USA). Differences were considered statistically significant at two-tailed p-values of <0.05. Qualitative variables were expressed as numbers and frequencies, and quantitative variables were expressed as mean values ± standard deviations (SD), median values, and maximum and minimum values. The Mann–Whitney and Kruskal–Wallis tests were used to compare two and three or more independent groups, respectively. A non-parametric multiple comparison test was used to identify intergroup differences.
Associations with qualitative variables were analyzed by Fisher’s exact test or the Fisher–Freeman–Halton test, as appropriate. For paired evaluation, we used the McNemar–Bowker test and Wilcoxon test.
A univariate logistic regression analysis was performed to identify CFRD predictors. Predictors with p-value<0.2 on univariate analysis were included in the multivariate analysis by the generalized estimation equation method. 

3 Results
Of the 63 CF patients invited to participate, 12 did not agree, 1 had several pulmonary exacerbations, 2 had CGM readings for <36 h, 8 had a CFRD diagnosis, and 1 did not complete the OGTT. Ultimately, 39 patients with CF and without diabetes underwent a 1-time 3-day blinded CGM and were followed for an average of 3.1±0.51 years. During the follow-up period, one participant died, two were transferred to other centers, and two refused to participate in the reassessment.
Thirty-four participants completed the study follow-up period. The average age at T1 was 18.4±2.9 years (median 18.8 years). Men accounted for 47% (16/34) of participants; 44% (15/34) of participants were homozygous for the p.Phe508del CFTR variant, and 70.6% (24/34) had pancreatic insufficiency. During the follow-up period, the number of patients with pancreatic insufficiency showed no changes in clinical parameters, fecal fat balance, and steatocrit. Three participants developed CFRD by the end of the follow-up (Table 1).
Patients who maintained an interstitial glucose level of <140 mg/dL (n=8) on CGM did not develop CFRD within 3.1 years, and only one experienced a single episode of asymptomatic hypoglycemia. All patients classified to have CFRD based on CGM had asymptomatic hypoglycemic episodes. None of the patients who progressed to CFRD had peaks >200 mg/dL during CGM evaluation. The relationship between OGTTs (T0 and T1) and CGM is presented in Figure 1. 
The peak/valley pattern (total and per day), AUC, and percentage of time during which the values (mg/dL) were >140, >200, and <54 on CGM did not show an association with the OGTT classification either at T0 or T1. 
A descriptive table with individual CGM variables is shown in Table 2. 
Approximately 32% (n=11; seven male, seven homozygous for p.Phe508del CFTR variant, and seven with pancreatic insufficiency) of patients had glucose values <54 mg/dL during CGM. There was no association between BMI, FEV1, OGTT, sex, p.Phe508del genotype, and pancreatic insufficiency with hypoglycemia on CGM (T0). None of the patients who experienced hypoglycemia needed intervention for recovery. No analyzed clinical or laboratory variable was associated with hypoglycemic episodes or could predict CFRD onset (data not shown). 
A secondary analysis was conducted by grouping hypoglycemic and hyperglycemic (>200 mg/dL) episodes, since they may share the same pathophysiological basis, to verify whether they could be related to CFRD outcome; no significant association was found (data not shown).
Our study cohort showed an increase in BMI (17.80±3.65 vs. 18.36±3.49; p-value=0.025) and a reduction in FEV1 (66.91±25.79 vs. 56.32±29.57; p-value=0.001) between T1 and T0.
The three subgroups classified based on the OGTT (T1) and CGM (NGT, IGT and CFRD) did not showed a significant decline in FEV1. However, on comparing patients who developed CFRD to those who did not, a worse FEV1 was observed in patients who developed diabetes by the end of the follow-up (22.67±5.03 vs. 59.58±28.92; p-value=0.041) based on the OGTT classification (Table 3).
BMI z scores are shown according to OGTT (T1) and CGM (T0) results in Table 4. BMI values are shown according to OGTT (T1) and CGM (T0) results in Table 5. The OGTT (T1) NGT group had higher BMI values and z scores than the CFRD group. Lower BMI values were noted in those who developed diabetes at both study initiation (14.37±1.22 vs. 18.13±3.65; p-value=0.049) and completion (14.81±0.67 vs. 18.71±3.46; p-value=0.022). With OGTT classification (T1), the subgroup analysis for glucose abnormalities (CFRD+IGT) vs. NGT showed a significant difference in BMI values only at the completion of the follow-up period but not at the beginning. However, with CGM classification (T0), the subgroup analysis showed significant differences in BMI values and z scores both at the beginning and completion of the follow-up period.
In the OGTT (IGT vs. NGT) at T0, no differences were noted in FEV1 or BMI (Supplement 2).
A logistic regression analysis was conducted to ascertain the effect of time, adjusted for independent variables, on CFRD development. Participants with IGT (OGTT) had a higher chance of developing CFRD (odds ratio [OR]=21.67; 95% confidence interval [CI]=7.03-67.36; p-value<0.01), while the chances were lower among participants with NGT (OR=1.84; 95% CI=1.06-3.19; p-value=0.031). On univariate logistic analysis, male sex, p.Phe508del homozygous status, and BMI were significantly related with CFRD development (Supplement 3). However, on multivariate logistic regression analysis, we did not identify a significant interaction (data not shown).


4 Discussion 
	Although the OGTT is the recommended gold standard for CFRD diagnosis, it is not an optimal tool as the cutoff values are extrapolated from an adult type 2 diabetes model based on the prevention of microvascular complications, which are not the leading causes of death in people with CF. Moreover, type 2 diabetes is not the same as CFRD 21. A considerable lack of adherence to OGTTs has been reported 5. Therefore, alternative screening methods are being investigated, especially those that could be related to the clinical outcomes of CF patients. 
This single-center study was conducted to compare the ability of the OGTT to that of CGM in predicting CFRD and clinical impairment in patients with CF. In the study population, abnormal CGM results based on OGTT cutoff points were not associated with an increased rate of CFRD onset or a decline in FEV1 over an average of 3.1 years of follow-up. 
	However, when glucose abnormalities (CFRD and IGT) were grouped, a lower BMI values and z score at baseline and completion of the follow-up were identified through CGM but not through baseline OGTT results. Leclercq et al 22. reported decreased pulmonary function and an increased rate of Pseudomonas aeruginosa infections among patients with CGM peaks of ≥200 mg/dL, although there was no detectable difference in BMI. 
Hameed et al. 23 evaluated 25 children with CF and found that a percentage of time with glucose levels >140 mg/dL on CGM of 4.5% was associated with pulmonary function and weight gain decline in the previous 12 months. Our study included a more robust case series with a longer follow-up period and detected a lower BMI on those with peaks >140 mg/dL during CGM; however, no associations were found between peaks, peaks per day, AUCs, and percentage of time with glucose values >140 mg/dL and FEV1.
All 34 patients with CF showed a reduction in FEV1 and an increase in BMI unassociated with any of the studied variables. The overall worsening of pulmonary function could likely be attributed to underlying disease progression, the main component of which is pulmonary impairment 24. The overall increase in BMI in the population with a later diagnosis (neonatal screening test was not available for the study population) was possibly associated with intensified nutritional support and pubertal development.
The deterioration of FEV1 and nutritional status occurs years before the CFRD diagnosis 2. In our sample, we identified that patients who developed CFRD showed a significantly worse FEV1 at the end of follow-up but not at the beginning and showed lower BMI at both the start and end of the follow-up period. 
Despite the lack of significant differences, all patients who developed diabetes had a p.Phe508del homozygous status, pancreatic insufficiency, and were classified as “severe” (40% of predicted FEV1) by spirometry and as underweight (BMI) at the end of the follow-up period. This is consistent with the available literature 1. Furthermore, the decline in FEV1 between T1 and T0, was greater in those classified to have CFRD by CGM classification than in those with NGT and IGT. However, this decline was not significant, which could be due to the small sample size. 
	Female sex is considered a risk factor for CFRD, although the pathophysiology is not well understood 1. All patients who developed CFRD were male; thus, on univariate logistic regression analysis, male sex seemed to be a potential predictor. However, in the multivariate analysis, the significance disappeared after adjustment.
Hypoglycemia during the OGTT may indicate dysregulation of insulin secretion and could represent a stage preceding CFRD onset 25. Our CGM study showed that hypoglycemic events were unrelated to an increased CFRD risk during the 3.1-year follow-up period. Radike et al. reported similar findings 7. 
Hypoglycemia prevalence in our study was higher (32%) than that in the literature 6. Battezzati et al. 6 reported a 15% prevalence of hypoglycemia (<50 mg/dL) in patients with CF during an OGTT, although this percentage could be attributed to the lower cutoff values used in that study. Furthermore, their patients were aged 8–31 years, whereas ours were aged 10–19.9 years. Therefore, the discrepancies in cutoff values and methods could have contributed to the higher prevalence rates in our study. 
Despite its higher sensitivity, the accuracy of CGM has been questioned with regard to its precision in detecting consistent hypoglycemia and the lack of consensus guidelines, because there are no data linking CGM to long-term outcomes of CF 26.
Although CGM was not able to predict CFRD onset, four patients with glycemic values >200 mg/dL were detected with CGM but not with the OGTT. CGM can detect glucose abnormalities not detected by the OGTT 22,23. In our study, those abnormalities were associated with early BMI impairment, although they were not related to the current definition of CFRD onset based on OGTT classification. Perhaps, the reason why CGM could not predict CFRD onset was because of the cutoff values adopted from the OGTT classification. CGM and the OGTT are different tools, both from technical and interpretive perspectives. Moreover, according to the Endocrine Society, there is insufficient evidence for the establishment of an optimal postprandial blood glucose value 27.
Only three of our participants developed CFRD; thus, it was not possible to make any statement about cutoff values, but we recommend that future multicenter studies evaluate CGM values between 140 and 200 mg/dL to determine appropriate cutoff values, since there are studies showing associations between values within this range and clinical outcomes 28,29. It remains unclear whether a single CGM variable or a combination of them could predict clinically significant CF outcomes and potentially reformulate the CFRD concept. Additionally, patients with CFRD are known to need insulin, but it is unknown if patients with CF without overt diabetes but with CGM-detected glucose abnormalities could benefit from insulin use 30.
The same diagnostic criteria should not be used for individuals with CF and those without CF, because the main cause of mortality in people with CF is not related to microvascular complications but rather to worsening lung disease. Establishment of a tool that is correlated with the clinical impairments of CF, mainly pulmonary function and BMI, could allow for early intervention and lead to savings related to public health costs, as deteriorating clinical conditions lead to a greater number of hospitalizations, more aggressive therapies, and an increased need for oxygen therapy and lung transplants, in addition to the implications for quality of life and survival of CF patients.
The strengths of our study include the large sample size from a single CF center, prospective design, standardized data collection, and a pubertal pediatric cohort with high miscegenation. However, certain limitations must be recognized. Ideally, CGM should be re-performed during the follow-up, but unfortunately, we were not able to do this. Although the sample size was considered to be large for a single center, the small number of patients who developed CFRD during follow-up limited our ability to conduct multivariate regression analysis with the current dataset.


5 Conclusions
CGM can detect glucose abnormalities not detected by the OGTT and may be more sensitive to early detection of decreases in BMI. However, based on our data, we were unable to identify early predictors for CFRD onset among the studied variables. The increase in the average BMI was probably secondary to an optimization of nutritional support that was associated with pubertal development, and FEV1 reduction was attributable to CF progression itself. Different diagnostic criteria for diabetes may be required for the CF population. 
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