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A B S T R A C T   

Aims: The aim of this review is to give an update of the recent advances in the pathophysiology, prognosis, 
diagnosis and treatments of cystic fibrosis-related diabetes (CFRD). 
Methods: The literature survey focuses on original and review articles dealing with CFRD between 2006 and 
2023, and in particular with: pathophysiology, risk and predictive factors, screening, chronic complications of 
CFRD, management and the effects of CFTR channel modulator therapies on glucose homeostasis, using 
PubMed®. 
Results: The rising prevalence of CFRD is due to prolonged life survival among patients with cystic fibrosis (CF). 
Advances in the understanding of the pathophysiology highlight the singularity of CFRD. Adherence to diag
nostic guidelines remains challenging. Besides the classical OGTT, alternative diagnostic tests are being 
considered: HbA1c measurement, continuous glucose monitoring (CGM), intermediate measurements of alter
native glucose tolerance stages through OGTT and homeostatic model assessment (HOMA). Early treatment of 
(pre)diabetes in CF patients is mandatory. The advent of CFTR channel modulator therapies have created a 
paradigm shift in the management of CF: they seem to improve glucose homeostasis, but the mechanism remains 
unclear. 
Conclusion: CFRD management is an ongoing concern. Optimal care has reduced the negative impact of CFRD on 
lung function, nutrition, and survival. Increasing prevalence of CFRD and prolonged lifespan lead to more 
microvascular complications. New screening tools (Hba1c, CGM, HOMA) show potential for better classification 
of patients. The effect of CFTR modulators on glucose metabolism warrants further research.   

1. Introduction 

Over the last decade, the expected lifespan of patients with cystic 
fibrosis (CF) increased by more than 10 years [1]. This has naturally led 
to a surge in the prevalence of cystic fibrosis-related diabetes (CFRD): in 
2009, 40–50 % of adult with CF suffer from CFRD [2]. This adds a heavy 
burden to an already complex disease and requires diabetologists to take 
on a growing interest in this subject. 

Moreover, CFRD diagnostic presents two major challenges. First, 
adherence to diagnostic guidelines is poor. Only 25%–50 % of CF pa
tients are screened annually [3]. Second, current screening tools are 
imperfect. Alternative tests are being considered, such as the inclusion of 
HbA1c, CGM and HOMA in the diagnostic algorithm. For that reason, it 
is essential for practitioners to be up to date with ongoing research. 

Finally, the advent of CFTR modulator therapies, aimed at correcting 
the root cause of CF, have changed the paradigm of CF. With it, their 

effect on glucose metabolism has been the subject of intensive research, 
which has challenged our understanding of CFRD. While the literature is 
large and recent, it still lacks consensus. This makes it particularly 
complex for diabetologists to sort through. 

As a result, the aim of this review is to provide a global synthesis of 
CFRD for diabetologists, whose role is becoming increasingly important 
in the multidisciplinary approach required in the management of pa
tients with CF. More specifically, this review provides an update on 
epidemiological, pathophysiological and clinical developments con
cerning the screening and management of CFRD and its complications. 

2. Definition and epidemiology 

CF is an autosomal recessive inherited disease, with the highest 
prevalence observed in Europe, North America and Australia and a 
worldwide estimated prevalence of 2025/100,000 people [4]. It is 

* Corresponding author. Cliniques universitaires UCL Saint-Luc, Avenue Hippocrate, 10, B-1200, Bruxelles, Belgium. 
E-mail address: fabian.lurquin@saintluc.uclouvain.be (F. Lurquin).  

Contents lists available at ScienceDirect 

Diabetes & Metabolic Syndrome:  
Clinical Research & Reviews 

journal homepage: www.elsevier.com/locate/dsx 

https://doi.org/10.1016/j.dsx.2023.102899 
Received 31 May 2023; Received in revised form 25 October 2023; Accepted 26 October 2023   

Descargado para Anonymous User (n/a) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.

mailto:fabian.lurquin@saintluc.uclouvain.be
www.sciencedirect.com/science/journal/18714021
https://www.elsevier.com/locate/dsx
https://doi.org/10.1016/j.dsx.2023.102899
https://doi.org/10.1016/j.dsx.2023.102899
https://doi.org/10.1016/j.dsx.2023.102899
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsx.2023.102899&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Diabetes & Metabolic Syndrome: Clinical Research & Reviews 17 (2023) 102899

2

caused by mutations in the cystic fibrosis transmembrane regulator gene 
(CFTR) coding for a protein which physiologically functions in epithelial 
cells as a chloride and bicarbonate channel regulating fluid and elec
trolytes composition of secretions. These mutations are stratified into 6 
classes according to the CFTR defect: (1) absence of mRNA, (2) absence 
of protein expression, (3) altered protein traffic to the plasma membrane 
of epithelial cells, (4) altered channel gating, (5) decreased protein 
conductance, (6) protein abundance or stability [5]. Classes 1–3 are 
associated with more severe disease [6]. 

CF results in progressive obstruction of the bronchial and the 
gastrointestinal tracts causing consecutively infections, chronic inflam
mation and organic dysfunction. Respiratory disorders remain the 
leading cause of mortality in CF patients. However, over the last few 
years, life expectancy in CF patients has increased due to earlier diag
nosis and improvement in care. As a consequence, the prevalence of 
other chronic complications, such as CFRD, also sore. 

CFRD is one of the most common non-respiratory comorbidities of CF 
patients [1]. It concerns 20 % of adolescents and 40–50 % of adults [2]. 
A recent review shows that its occurrence increases by 10 % each 
decade. According to European Register, the prevalence of CFRD is very 
heterogeneous among countries and age groups, probably because of 
different screening methods. Male and female are equally represented 
but female gender is reported to be a risk factor for acquisition of CFRD 
in younger age groups [7]. Dysglycaemia is frequently diagnosed before 
overt diabetes: prevalence of impaired fasting glycaemia (IFG) and 
impaired glucose tolerance (IGT) are respectively about 22–32 % (rising 
with age and OGTT category [2]) and 14–43 % [8–10]. 

As shown in Fig. 1, CFRD is part of a continuum of glucose tolerance 
abnormalities ranging from normal glucose tolerance (NGT) to con
ventional IFG or IGT as defined by ADA [11] to overt diabetes with or 
without fasting hyperglycaemia. Intermediate stages of abnormal 
glucose tolerance (AGT) have also been reported. AGT is defined as all 
glucose tolerance stages that are not NGT [12] including INDET (inde
terminate glycaemia defined as a blood glucose level (BGL) after a 1 h 
oral glucose tolerance test (OGTT) > 200 mg/dl), AGT140 (defined as a 
BGL after a 1 h OGTT between 140 and 200 mg/dl) and AGT160 

(defined as a BGL after a 1 h OGTT between 160 and 200 mg/dl). While 
distinction between CFRD with or without fasting hyperglycaemia was 
common, it is no longer considered determinant as there is no difference 
in lung function and nutritional status between CFRD FH- and CFRD FH 
+ [1]. Diagnostic criteria for CFRD by itself in stable outpatients are the 
same as those recommended in the general population [11,12]. Early 
defects in glucose metabolism occur in most patients with CF. Yi et al. 
[13] show that 39 % of patients aged between 3 months and 5 years have 
AGT and those with NGT mostly present a diminished insulin response 
after stimulation. A recent study highlights that 20 % of CF children 
considered as having NGT during OGTT have INDET [14]. 

CFRD is a unique form of diabetes with its own clinical and patho
physiological characteristics. As shown in Table 1, CFRD differs from 
type 1 diabetes (T1D) in that there is no underlying autoimmune process 
and inaugural ketoacidosis is rare. Moreover, unlike type 2 diabetes 
(T2D), CFRD patients have no metabolic syndrome and macro
angiopathy is uncommon [11]. 

CFRD is asymptomatic in the early stages. Polyuria and polydipsia 
are rare and keto-acidosis even more. It is associated with decreasing 
pulmonary function, precarious nutritional status and poorer prognosis. 
Thereby, despite efficient screening tools and improving management, 
mortality and morbidity are still higher than in CF patients without 
diabetes. Therefore, early diagnosis and efficient management are 
paramount in the challenge of improving nutritional and pulmonary 
status to reduce pulmonary exacerbations and overall survival. 

3. Physiological pathways 

3.1. Insulin deprivation 

The pathophysiology of glucose abnormalities in CF is not fully un
derstood. Its pathogenesis is multifactorial. Diabetes is mainly the 
consequence of a mixture of insulin deprivation and insulin resistance. 
However, the former seems to be the leading cause of CFRD. 

The main mechanism of CFRD is the destruction of the pancreatic 
islets by contiguous inflammation from the exocrine tissue where CFTR 

Fig. 1. Timeline of pathophysiological process in CFRD 
Fig. 1. CFRD is part of a range of abnormalities in glucose tolerance, which spans from NGT to IFG or IGT. These abnormalities can progress to overt diabetes, with or 
without fasting hyperglycaemia, and may also include intermediate stages of AGT. AGT encompasses all glucose tolerance stages that do not fall under NGT, such as 
INDET (which is defined as a 1-h OGTT result exceeding 200 mg/dL). The diagram above is just an example. Each individual experiences a different rate of decline in 
glucose homeostasis. 
Abbreviations: AGT, abnormal glucose tolerance; CFRD, cystic fibrosis-related diabetes; CGM, continuous glucose monitoring; FH, fasting hyperglycaemia; IGT, 
impaired glucose tolerance; INDET, glycaemia. 

F. Lurquin et al.                                                                                                                                                                                                                                 

Descargado para Anonymous User (n/a) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en noviembre 16, 2023. 
Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



Diabetes & Metabolic Syndrome: Clinical Research & Reviews 17 (2023) 102899

3

channel is abundant. CFTR channel defect leads to viscous secretions 
and obstruction of the small ducts with as consequence pancreas fibrosis 
and fat infiltration. Animal and human studies have shown that such a 
significant reduction in β-cell mass, starting early in life, leads to the 
development of CFRD. Because of a “crosstalk”, pancreatic islets are 
damaged with a reduction of total mass of almost 50 % [15]. 

The study of Hart et al. [16] on mice directly supports this concept, 
by showing an intra islet inflammation related to the migration of in
flammatory cells from the exocrine tissue to the endocrine tissue. 
Several studies suggest that the environment outside the islet plays a 
significant role in its dysfunction and that CFTR does not play a key role 
in insulin secretion [15–17]. This “environment” hypothesis is rein
forced by the observations that CFTR channels are poorly expressed in β 
cells [16]. 

In view of these pathophysiological mechanisms, the first step in the 
genesis of hyperglycaemia is a delayed early phase insulin response to 
oral glucose ingestion, followed by a reduction in total insulin secretion. 
Later, a downfall in insulin secretion appears. 

However, reports suggest that insulin secretion in CFRD could be 
altered without pancreatic exocrine insufficiency and loss of islet mass. 
This implies that other pathophysiological pathways could be involved: 
basic intrinsic CFTR defects in B-cell function, interference of genetic 
susceptibility loci conferring risk for T2D, and oxidative stress [15]. In 

addition, pancreatic islet amyloidosis is identified in CFRD patients but 
not in CF patients, suggesting a potential role of amyloid deposits (just 
like in T2D) [17]. It is also of interest to note that a loss of incretin effect 
in CFRD can occur despite adequate secretion of incretin hormones, 
which could also contribute to postprandial hyperglycaemia [18]. 

3.2. Insulin resistance 

As shown in Fig. 1, CFRD is also characterized by insulin resistance in 
basal conditions provoked by a silent inflammatory state, sarcopenia, 
and eventually cirrhosis leading to elevated hepatic glucose output and 
impaired glycogen synthesis [19]. In addition, defective intracellular 
GLUT-4 transporters may also be the cause of impaired insulin response 
and altered glucose homeostasis [20]. Moreover, as far as other hor
mones are concerned, Huang et al. [21] demonstrate excessive glucagon 
secretion in CFTR mutant Fdel508 mice. Involvement of the incretin axis 
could also be partially responsible for increased glucagon levels. Finally, 
insulin resistance is exacerbated by episodic systemic infections and/or 
corticosteroid therapy [15]. 

4. Predictive and risk factors 

IFG and IGT, as reported by Schmid et al. [10], are independent 
predictive factors for diabetes in CF patients. Clearly, patients with both 
IFG and IGT have the highest propensity for diabetes. Patients with 
INDET are also at higher risk. IGT and INDET combined show a higher 
possibility of developing diabetes than IGT only or INDET alone [22]. 
Finally, it has been shown that patients presenting BGL below 140 mg/dl 
(8 mmol/L) every 30 min during a OGTT have no risk to develop dia
betes over a 15 years period [23]. The main studies exploring AGT as 
predictive factor for CFRD are presented in Table 2. Piona et al. [24] 
show that insulin parameters (secretion, clearance and sensitivity) are 
significantly different across all glucose tolerance stages. The results 
indicate that AGT140 could represent a distinctive stage of glucose 
tolerance. Therefore, it could be useful to reassess glucometabolic 
decline grades across glucose tolerance stages in CF. Recently, Hb1Ac 
>6 % was associated with a higher risk of CFRD and lower weight gain 
[25]. 

Adler et al. [26] show that CFTR genetic class is an important 
determinant of diabetes outcome. Patients with CFTR mutations from 
classes 1 and 2 are more at risk of diabetes. Within the CFTR Fdel508 
mutation (class 1), homozygous patients are not more at risk than het
erozygous ones [27]. Several independent risk factors are also identi
fied: advanced age, corticoid use, decreasing FEV1 (predicted%), 
undernutrition, liver and exocrine pancreatic dysfunction [26]. 
Furthermore, family history of T2D, night eating and organ trans
plantation were also linked to CFRD [28]. 

5. Screening tools for diabetes 

Screening for CFRD requires an annual 2 h 75 g OGTT from the age of 
10 [12]. In the absence of another criteria (polyuria-polydipsia, HbA1c 
≥ 6.5 %), OGTT must be repeated once after a first positive test before 
confirming the diagnosis. CFRD diagnosed by OGTT correlates with lung 
function decline over the next four years, the risk of microvascular 
complications and premature death [29]. However, OGTT-based di
agnostics present three main issues. First, OGTT results are imperfect as 
they present high variability over time. Second, perfect application of 
the test is not certain as the ingestion of 75 g of glucose is difficult for 
some patients. Finally, glycaemic thresholds were initially defined to 
prevent microvascular complications on T2D patients. As a result, they 
are not tailored to the specific health issues of CFRD patients, which are 
mainly nutritional and pulmonary status [30]. 

HbA1c is deemed as an unreliable biomarker for the diagnosis of 
CFRD [11] because it underestimates glycaemia in patients with CF (due 
to their increased renewing of red blood cells caused by chronic 

Table 1 
Comparison between CFRD, T2D and T1D.  

Features CFRD T2D T1D 

Worldwide total 
estimated number 
of adult people 
with diabetes in 
2021 (estimated 
adult population 5 
× 109) [66] 

35 × 103 (7 ×
10− 6 %) [3,4, 
67] 

483 × 106 (7 %) 
[66] 

7 × 106 (0,1 %) 
[66] 

Familial history of 
diabetes 

14 % [68] 20 % (first degree 
relative) [69] 

10 % (first 
degree relative) 
[70] 

Age at diagnosis 25y [7] >35y [11] <35y [11] 
Auto-immune 

mechanism 
no no yes 

Insulin deficiency not complete, 
evolving over 
time 

not complete, 
evolving over time 

yes 

Insulin resistance mild (but 
severely 
increased 
during 
infection) 

severe mild 

Keto-acidosis as 
initial presentation 

no (yes if acute 
infection) 

variable (yes if 
acute condition 
such as infection, or 
cardiovascular 
event) 

yes 

Treatment oral drugs, 
insulin 

diet, oral drugs, and 
insulin 

insulin 

Insulin requirement yes, early after several years 
of illness 

yes, 
immediately 

Microvascular 
complications 

yes yes yes 

Macrovascular 
complications 

no yes yes 

Comorbidities pulmonary, 
pancreatic, 
hepatic 

metabolic 
syndrome 

auto-immune 
context 

Cause of death pulmonary cardiovascular and 
increased risk of 
cancer 

cardiovascular 
and renal 

Dyslipidaemia and 
hypertension 

Not 
uncommon 
[29,71] 

common rare 

Abbreviations: CFRD, cystic fibrosis-related diabetes; T1D, type 1 diabetes; T2D, 
type 2 diabetes; y, years. 
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inflammation). This leads to poor sensitivity and specificity of the usual 
tests. To solve this issue, alternative HbA1c limits are being considered 
(see Table 3). Based on a retrospective study of 320 patients, Gilmour 
et al. [31] suggest <5.5 % as threshold to exclude CFRD diagnosis, with 
a sensitivity of 91.8 %. Since the specificity of this limit is poor, the 
authors wish to use HbA1c as a pre-screening test to reduce the need of 
performing an OGTT. At this lower level of 5.5 %, HbA1c could be an 
interesting indicator to rule out CFRD [31,32]. Patients with a HbA1c 
≥5.5 % and <6.5 % would undergo an OGTT. At the moment, thresholds 
and validity of HbA1c for the diagnosis of CFRD are still the subject of 
intensive debate [33,34]. 

With regards to fasting BGL measurement, it is not recommended for 
screening CFRD as fasting hyperglycaemia occurs late in CFRD [12]. 
Two-thirds of patients with newly diagnosed diabetes do not have 
fasting hyperglycaemia [1]. 

More recently, the use of continuous glucose monitoring (CGM) of
fers hope in diagnosing diabetes in its early stages as it allows for 
detection of hyperglycaemia excursions even for patients with normal 
OGTT [35]. The intermittent post-prandial hyperglycaemia >200 mg/dl 
threshold has even been proven reliable by several studies [36]. Scully 
et al. [37] highlighted the relevance of the percentage of time exceeding 
a certain threshold by demonstrating that a BGL >140 mg/dl for more 
than 17.5 % of time or >180 mg/dl for more than 3.4 % of time are 
efficient in detecting CFRD. High CGM values are also correlated with 
HbA1c levels and with poor nutritional and pulmonary status. Thus, 
several CGM diagnostic criteria are under study (the % of time spent 
>140 mg/dl, the area under the curve >140 mg/dl, and the number of 
hyperglycemic excursions >200 mg/dl), especially as they correlate 
with clinical decline [36–38]. 

Finally, a few studies reported that the Homeostasis Model Assess
ment (HOMA) could be a valuable screening tool since a HOMA-B value 
> 100 % shows good sensitivity and good negative predictive value to 
exclude diagnosis of CFRD [39,40]. However, more data are required to 
validate HOMA as a diagnosis tool for CFRD. More specifically, there has 
yet to be a study that links HOMA levels to declining nutritional status 
and lung function. 

As a conclusion, despite its limits, OGTT remains the gold standard. 
Alternative screening tools are considered but are not expected to 
replace OGTT in the short run. They might rather be used as pre- 
screening tools, reducing the need for OGTT [31]. This review pre
sents an alternative algorithm for the screening of CFRD (see Fig. 2), 
useful to limit the need of OGTT (especially in situations where the test 
cannot be performed). 

6. Complications and prognosis 

6.1. Lung function 

Pulmonary status is the main and most important life-threatening 
endpoint in CF patients. It has been postulated that hyperglycaemia 
participates in the process of chronic inflammation with a bad influence 
on the occurrence of pulmonary infections and an accelerated decline of 
pulmonary function [1]. Compared to CF patients without diabetes, 
CFRD subjects have worse lung function [1,41] and are more at risk for 
decline (FEV1<40 %) as well as for Pseudomonas aeruginosa colonization 
[7]. As already mentioned, early impairment in insulin secretion and 
glucose intolerance are associated with lung function decline, increased 
hospitalization rate for lung complications, weight loss, lower survival 
and higher rates of lung transplantation [41]. Some studies show a 

Table 2 
AGT as predictive factor for CFRD in literature.  

Author Study design Baseline 
characteristics: 
Age, BMI, FEV1 

Risk of 
diabetes: 
NGT vs 
INDET and/ 
or AGT 

Conclusion in 
article 

Ode 
et al., 
2010 
[14] 

Retrospective 
match paired 
cohort study, 94 
patients, NGT vs 
AGT, 5y FU 

No statistical 
difference 
between groups 

3 vs 42 % 
p=0.0009 
OR 11 

AGT (IGT or 
INDET) 
predicts 
CFRD 

Schmid 
et al., 
2014 
[10] 

Longitudinal 
prospective 
study, 1093 
patients, NGT vs 
IGT vs IFG vs 
INDET 

No statistical 
difference 
between 
groups; no 
information 
about FEV1 

Subanalysis 
of 993 
patients, 
NGT vs IGTa, 
3.6±2y FU: 
10.4 vs 20 % 
p < 0.001 
OR 2.37 
[1.48–3.79] 

IGT predicts 
CFRD 

Subanalysis 
of 385 
patients, 
NGT vs 
INDETa, 3.7 
±2y FU:7.1 
vs 17.2 % 
p=0.002 OR 
2.81 
[1.43–5.51] 

INDET 
predicts 
CFRD 

Sheikh 
et al., 
2015 
[72] 

Retrospective 
cohort study, 80 
patients, NGT vs 
AGT160, 5y FU 

NA Rates NA: 
risk of 
diabetes 
greater with 
AGT160 
present at 
baseline, 
p=0.04OR 
4.5 [1.7, 
18.7] 

AGT160 
predicts 
CFRD 

Nyirjesy 
et al., 
2018 
[73] 

Cross sectional 
study of β-cell 
secretory 
capacity, 42 
patients, NGT vs 
AGT155 vs IGT 

No statistical 
differences 
between groups 

– AGT155 
shows 
impaired 
β-cell 
secretory 
capacity with 
reduced 
early-phase 
insulin 
secretion 

Piona 
et al., 
2021 
[24] 

Cross sectional 
study, 
characterisation 
of different 
glucose tolerance 
stages through 
β-cell function, 
insulin 
sensitivity and 
clearance, 232 
patients 

No statistical 
differences 
between 
groups; no 
information 
about FEV1 

– AGP140 is a 
distinct 
glucose 
tolerance 
stage since 
patients with 
AGT140 
present a 
different 
pattern of 
glucose 
regulation 
determinants 

Potter 
et al., 
2021 
[22] 

Prospective 
observational 
study, INDET +
IGT vs NGT 

No statistical 
differences 
between groups 

MCFC 
cohort: 198 
patients,6.9 
± 3.8y FU; 
17 vs 42 % 
p=0.0109 

IGT + INDET 
predict CFRD 

DIAMUCO 
cohort: 105 
patients,2.4 
± 1.2y FU; 
17 vs 56 % 
p=0.0105 

IGT + INDET 
predict CFRD 

Results are expressed as mean ± SD and rates; p: statistical signification. 
Abbreviations: AGT, abnormal glucose tolerance; BMI, body mass index; CFRD, 

cystic fibrosis-related diabetes; CI, confidence interval; FEV1, first second of 
forced expiration in 1 s; FU, follow-up; INDET, indeterminate glycaemia; NA, not 
available; NGT, normal glucose tolerance; NS, not significative; OR, odds ratio; 
SD, standard deviation; vs, versus; y, year. 

a Adjusted for age, BMI SD, gender, and time interval between first and last 
OGTT. 
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negative association between the 60-min OGTT BGL above 200 mg/dl 
and pulmonary function. 60-min OGTT insulin levels below 301.4 
pmol/L are associated with lower pulmonary function [42]. Hameed 
et al. demonstrate that CGM levels above 140 mg/dl more than 4.5 % of 
time and peak BGL during OGTT above 148 mg/dl are linked with loss of 
weight and declining lung function in the preceding 12 months [43]. 

Data highlight the relation between high CGM values and upcoming 
altered lung function [37,43]. A French group explored CGM profiles in 
38 patients aged 10 years or more with normal OGTT. They show oc
casional plasma glucose peaks above 200 mg/dl among some of these 
subjects. This condition is associated with a poorer lung function (FEV1 
68.2 % vs 87.3 %; p=0.01) and a higher rate of Pseudomonas aeruginosa 
colonization. Nutritional status is not different [35]. They conclude that 
CGM detects early abnormalities of glucose homeostasis. 

6.2. Nutritional status 

CFRD patients are more at risk for weight loss than CF patients 
without diabetes [7,41,44]. Insulin deprivation results in a protein 
catabolism and malnutrition leading to low body weight which is 
markedly associated with mortality [44]. It has been shown that 60-min 
OGTT insulin values during OGTT are positively associated with BMI 
[42]. 

6.3. Classical diabetes related complications 

CFRD patients do not encounter the classical macrovascular com
plications described in T2D because they do not present classical car
diovascular risk factors to date [12,15]. Nonetheless, numerous recent 
publications report the onset of cardiovascular risk factors subsequent to 
the introduction of CFTR modulator therapies [12,45]. While scholars 
believed that CFRD provoked fewer microvascular complications than 
other diabetes, it has since been shown that, controlling for diabetes 
duration, the prevalence is similar. This was probably due to an 
under-representation of patients with longstanding CFRD. Microvas
cular complications are now more common as a result of prolonged life 
expectancy of patients with CF. In fact, numerous studies highlight a 
correlation between retinopathy and duration of CFRD [46,47]. Table 4 
provides a summary of the research conducted in this field. As an 
example, a cross-sectional study including 401 CFRD patients, 32,409 
T1D patients and 185,626 T2D patients adjusted for age, gender and 
diabetes duration, shows no difference in microvascular complications 
[48]. 

6.4. Hypoglycaemia 

Hypoglycaemia is as common in CFRD as in every other type of 

Table 3 
HbA1c as biomarker for diagnosis of CFRD.  

Author Study designa Threshold of HbA1c 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

Conclusion in article 

Burgess et al., 2016 
[34] 

Retrospective, 429 adult 
patients 

5.8 93.8 53 reduction in OGTT requirement by 51 % 

Boudreau et al., 2016 
[74] 

Retrospective, 207 adult 
patients 

5.8 68.2 60.5 31.8 % of unidentified CFRD patients: HbA1c is not a suitable 
screening test 

5.5 95.5 31.4 4.5 % of unidentified CFRD and low OGTT saving rate 
(absolute number NA) 

Gilmour et al., 2019 
[31] 

Retrospective, 295 adult 
patients 

5.5 91.8 34.1 reduction in OGTT requirement by 36.7 % 

Boudreau et al., 2019 
[32] 

Retrospective, 345 adult 
patients 

5.5 90.9 29.7 reduction in OGTT requirement by 23.5 % 

Racine et al., 2021 
[33] 

Retrospective, 256 children 5.8 90.9 60.7 reduction in OGTT requirement by 56 % 

Abbreviations: Hb1Ac, glycated hemoglobin; NA, non-available; OGTT, oral glucose tolerance test. 
a All studies listed compared HbA1c to OGTT (using WHO diabetes criteria as gold standard) for the diagnosis of CFRD. 

Fig. 2. Screening strategy model 
Fig. 2. HbA1c should be checked annually. If the level is less than 5.5 % it is reasonable to exclude diabetes. If the level is equal or superior to 6.5 % the diagnosis of 
CFRD should be retained. In case of an intermediate value, it might be appropriate to perform a CGM or a HOMA test before prescribing an OGTT. *Other criteria as 
mean glucose level, % of time spent >140 mg/dl, AUC >140 mg/dl suffer from a lack of robustness and consensus in the diagnosis of CFRD 
Abbreviations: AGT, abnormal glucose tolerance; AUC, air under the curve; CGM, continuous glucose monitoring; HbA1c, glycated hemoglobin; HOMA, Homeostasis 
Model Assessment; IGT, impaired glucose tolerance; OGTT, oral glucose tolerance test. 
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treated diabetes. It is however important to notice that hypoglycaemia 
can also occur in CF patients (without diabetes) during postprandial as 
well as fasting periods. This could be due to impaired glucagon secretion 
concurrently with a delayed insulin response [12]. 

6.5. Mortality 

CFRD is associated with mortality which results from chronic lung 
disease and gastrointestinal complication such as cirrhosis and malnu
trition. Mortality was higher among patient with CFRD in comparison to 
other CF patients [28]. In the nineties, there was an excess of female 
mortality around the age of 35 years old [1]. When comparing the time 
periods of 1992–1997 and 2003–2008, it was found that the mortality 
rate for females with diabetes in CF patients decreased by more than 50 
%, from 6.9 to 3.2 deaths per 100 patient-years. Similarly, male mor
tality also decreased from 6.5 to 3.8 deaths per 100 patient-years [1]. 
There is no difference anymore in mortality according to gender [1], and 
difference in global mortality has been considerably reduced, again 
probably because of early screening and aggressive treatment. 

7. Treatment and perspectives 

Treatment aims to optimize glucose control (without provoking 
hypoglycaemias) to avoid long-term microvascular, pneumological and 
nutritional complications. Management in CFRD rests on a therapeutic 
tripod: nutritional adaptations, physical activity and insulin or other 
oral glycaemic lowering agents. The impact of CFTR channel modulators 
on glycaemic balance is also discussed. Treatment must be tailored to 
each individual and well balanced to avoid adding an extra burden to 
these patients. 

7.1. Nutritional approach and physical exercise 

Moran et al. [2] delivered several nutritional recommendations. 

Caloric and protein intake must respectively reach 1,2–1,5 and 1.5–2 
times the daily recommended intake, and salt consumption must be 
increased. Dietary management in CFRD doesn’t require carbohydrate 
restriction [12]. The main goal of these supportive measures is to avoid 
weight loss. 

Moran et al. recommend 150 min of moderate aerobic activity one to 
three times a week. Resistance exercise training is encouraged since it 
has shown small but good results in insulin secretion. 

7.2. Insulin and oral agents 

At diagnosis, CFRD is commonly characterized by postprandial 
hyperglycaemia without fasting hyperglycaemia [2]. Postprandial gly
caemia rapidly rises, and food intakes are often very variable across the 
day. This imposes the use of pre-prandial treatments like rapid acting 
premeal insulin therapy or hypoglycaemic agents. Insulin therapy is the 
recommended treatment [12,44]. It has been shown that premeal in
sulin therapy was effective and induced positive effects on nutritional 
and pulmonary status [1]. Indeed, several studies confirm that the use of 
insulin is effective in glycaemic control, slows down lung function 
deterioration, even improves FEV1, diminishes pulmonary exacerba
tions and has a positive impact on BMI [12]. Long-acting insulin has also 
proven to be effective and can also be used in the absence of fasting 
hyperglycaemia with positive outcome in weight gain and lung function. 

There is little data on the effectiveness of repaglinide compared to 
placebo and only a few studies compare insulin with oral agents [12]. 
Moran et al. [44] show in the Cystic Fibrosis-related Diabetes Therapy 
Trial (a 2009 randomized controlled trial, RCT), that insulin therapy 
with multiple premeal injections enhances fat intake and reduces weight 
loss compared to repaglinide and placebo in patients with IGT or CFRD 
without fasting hyperglycaemia. There is no significant difference 
regarding glucose control or lung function. Considering hypo
glycaemias, repaglinide shows significantly more events than insulin 
therapy (p < 0.04). However, in another RCT, Ballman et al. [49] find 

Table 4 
Microvascular complications in CFRD.  

Author Study design DR microalbuminuria Neuropathy Nephropathy Conclusion in article 

Yung et al., 1998 
[46] 

32 patients with CFRD DD = 5-10y: 
16 % DD >
10y: 23 % 

– – – Despite previous reports, high 
prevalence of DR in patients with 
CFRD especially those with a DD >
10y 

Andersen et al., 
2006 [71] 

Transversal observational study, 
38 insulin-treated patients with 
CFRD (DD = 12y (0-31)) vs 38 T1D 
(DD = 9y (0-41)) 

27 vs 49 % 13 % vs 28 %a NA 0 vs 0 %b Significant prevalence of retinopathy 
among insulin-treated CFRD patients 
approaching the prevalence in T1D 
(adjusted for DD) 

Schwarzenberg 
et al., 2007 [75] 

Retrospective study, 775 patients 
with CFRD, DD > 10y 

16 % 14 % NA NA Microvascular complications are less 
frequent than in other forms of 
diabetes mellitus 

Van den Berg et al., 
2008 [76] 

Match paired study, 
79 patients with CFRD vs 79 
patients with T1D 

10 vs 24 % 
p=0.044 

21 vs 4.1 % 
p=0.003c 

2.9 vs 4.3 % 
p=0.640 

1.6 vs 1.6 % 
p=0.900d 

Prevalence of microvascular 
complications is similar in CFRD and 
T1D patients (adjusted for age) 

Konrad et al., 2013 
[48] 

Transversal observational study, 
401 patients with CFRD vs large 
cohort of patients with T1D and 
T2D 

10.7 vs 10.4 
vs 10.5 %; NS 

NA NA 25.2 vs 17.2 vs 
24.7 % (T1D/T2D, 
p < 0.01) 

No significant differences in 
microvascular damage compared 
with T1D and T2D (adjusted for age, 
sex, and DD) 

Roberts et al., 2015 
[47] 

Prospective 43 insulin-treated 
patients with CFRD 

42 % – – – Mean HbA1c, DD and duration on 
insulin were correlated with DR 

Kempgowda et al., 
2020 [77] 

Retrospective cohort study, 
189 patients with CFRD, 27-39y, 
DD = 9y 

17.2 % 22.7 % NA 7.2 % Patients with CFRD are at risk of 
microvascular disease 

Results are expressed as median (ranges) and rates; p: statistical signification. 
Abbreviations: AGT, abnormal glucose tolerance; BMI, body mass index; CFRD, cystic fibrosis-related diabetes; CI, confidence interval; DD, duration of diabetes; DR, 
diabetic retinopathy; FEV1, first second of forced; FU, follow-up; , INDET, indeterminate glycaemia; NA, not available; NGT, normal glucose tolerance; NS, not 
significative; OR, odds ratio; T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus; y, year. 

a Microalbuminuria defined as ACR category 2 (30–300 mg/24 h). 
b Nephropathy defined as ACR category 3 (>300 mg/24h). 
c Microalbuminuria defined as ACR category 1 (<30 mg/g). 
d Nephropathy defined as ACR categories 2 and 3 (>30 mg/g). 
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no difference regarding HbA1c, BMI and FEV1 after 2 years of either 
multiple injections of insulin or repaglinide. 

Efficiency of sitagliptin (DPP4 inhibitor) has been studied in 26 pa
tients with AGT or diabetes in a RCT. After 6 months treatment, despite 
an improvement in meal-related GLP 1, and GIP concentrations and in 
early insulin response, no change in postprandial BGL and BMI were 
noticed [50]. GLP1 receptor agonists are not serious candidates in CFRD 
because of their considerable impact on weight. 

Metformin does not present a convincing alternative. Risk of weight 
loss and gastrointestinal side effects remain a concern [12]. 

The advent of new insulin analogues, CGM, continuous subcutaneous 
infusion of insulin, closed loop systems etc., is expected to improve the 
management of diabetes. 

CGM abnormalities occur in every CF patient whatever the OGTT 
values. Frost et al. show that CGM-guided insulin therapy in patients 
with CF and prediabetes improve FEV1 and BMI at 3 months, reduce the 
use of intravenous antibiotic and slow the lung function decline at 12 
months [51]. Other authors present better lung function and global 
health status when initiating insulin therapy during prediabetes period 
but no conclusive data exist [12]. Since more and more evidence shows 
that prediabetic status contributes to lung function decline and BMI loss, 
an upcoming recommended practice could be to start treating patients 
with AGT or with abnormal CGM levels before the onset of diabetes. 

As a conclusion, insulin is currently the preferred treatment. Repa
glinide could be a therapeutic alternative if the emphasis is on reducing 
treatment in burdensome situations or if the anabolic effect of insulin is 
not the priority [1]. 

7.3. CFTR modulator therapies 

Cystic fibrosis transmembrane conductance regulator modulators are 
a new class of treatment used since 2012 to correct the basic defect in 
CF. Two types of modulators are currently considered, alone or in 
combination. They are small molecules, classified either as a potentiator 
that opens the channel (ivacaftor), or as a corrector that leads the 
channel to the cell membrane (lumacaftor, tezacaftor, or elexacaftor). 
The choice of modulator type (or combination) depends on the 
mutations. 

Numerous clinical studies show that modulator therapies are both 
safe and effective to enhance lung function, reduce respiratory infection 
rates, improve weight gain and gastrointestinal issues, with benefits 
observed in the short-term and up to two years of follow-up [15]. Iva
caftor (IVA) alone, the first CFTR channel potentiator approved in 2012, 
and, later, a triple combination of IVA with two correctors of the CFTR 
channel, tezacaftor and elexacaftor (TEZA and ELE), approved in 2019 
by the FDA, are considered as highly-effective CFTR modulator therapy 
(HEMT) [12]. The effectiveness of HEMT was set to a high standard by 
the significant enhancements seen in CFTR function (measured by a 
decrease in sweat chloride concentration) and pulmonary function 
(measured by an increase in FEV1) resulting from IVA and later from 
triple therapy. 

Improved lung function combined with lower inflammation could 
start a virtuous circle towards more physical activity, endurance, and 
muscle formation [52]. This could ultimately improve insulin sensitivity 
and result in better diabetes control and reduced insulin requirements. 
Reduced pancreatic inflammation might also improve insulin secretion. 

Table 5 presents data concerning modulators in CFRD. The potential 
impact of CFTR modulator therapies on glucose balance depends on the 
CF causing mutation, and thus, the type of CFTR modulator and their 
possible association. Small pilot studies from a few years ago pointed out 
the improvement of glycaemic control with IVA [53,54]. In addition, the 
analyses of the US and the UK CF registries show favorable trends in 
glycaemic control in CFRD with IVA versus comparators, and even with 
lower prevalence of CFRD with time. This suggests that this treatment 
may slow down glycaemic unbalance [55]. However, these observations 
are limited to patients with the G551D mutation or another gating 

Table 5 
Effect on glucose metabolism of CFTR modulators.  

Author Study design Mutation Type of 
modulator 

Outcomes 

Bellin et al., 
2013 [53] 

Open label pilot 
study, 5 patients, 
1 m FU 

?/G551D IVA Improvement of 
OGTT (4/5) 

Dagan et al., 
2017 [54] 

8 patients, 1y FU ?/S549R IVA Improvement of 
OGTT (5/8) 

Thomassen 
et al., 
2018 [58] 

5 patients, 6-8w 
FU 

Fdel508/ 
Fdel508 

LUMA/IVA Improvement of 
OGTT (3/5) and 
worsening of 
OGTT (2/5) 

Li et al., 
2018 [59] 

9 patients, 29w 
FU 

NA LUMA/IVA Worsening of 
HbA1c and no 
differences in 
OGTT CGM 

Kelly et al., 
2019 [78] 

12 patients, NGT 
and AGT, 4 m FU 

At least 
one 
gating 
mutation 

IVA Normalizing of 
glucose 
tolerance in one 
patient. 
Improvement in 
glucagon 
suppression and 
insulin secretion. 

Volkova 
et al., 
2020 [55] 

Observational 
longitudinal 
study, USA 
register: 2509 
patients. UK 
register: 2480 
patients. Treated 
vs untreated. 5y 
FU 

At least 
one 
gating 
mutation 

IVA Favorable trends 
in CFRD 
prevalence 

Moheet 
et al., 
2020 [79] 

39 patients, 1y FU Fdel508/ 
Fdel508 

LUMA/IVA No change in 
OGTT results 
during FU 

Misgault 
et al., 
2020 [57] 

40 patients with 
AGT, 1y FU 

Fdel50/ 
Fdel508 

LUMA/IVA Improvement of 
OGTT (p < 
0.0001) 

Colombo 
et al., 
2021 [56] 

Retrospective 
case control 
study, 13 patients 
without diabetes, 
1y FU 

Fdel508/ 
Fdel508 

LUMA/IVA No changes in 
OGTT, insulin 
secretion and 
sensitivity* 

Gaines 
et al., 
2021 [80] 

Retrospective, 14 
patients, only 
abstract available 

NA IVA or 
LUMA/IVA 

One third of the 
patients get rid 
of insulin or 
almost. 

Scully et al., 
2022 [60] 

Prospective 
observational 
study, 34 
patients, with and 
without diabetes, 
3–12 m FU 

At least 
one 
Fdel508 
mutation 

ELE/ 
TEZA/IVA 

Improvement of 
CGM data with 
treatment, time 
in target range 
increased 

Piona et al., 
2022 [61] 

Prospective, 21 
non-diabetic 
patients, 12–18 m 
FU 

At least 
one 
Fdel508 
mutation 

LUMA/IVA 
or ELE/ 
TEZA/IVA 

No improvement 
in insulin 
secretion and 
sensitivity* 

Crow et al., 
2022 [81] 

Retrospective 
single center 
study, 11 CFRD 
patients, 6 m FU 

At least 
one 
Fdel508 
mutation 

ELE/ 
TEZA/IVA 

No improvement 
in CGM data and 
insulin 
requirements 

Korten 
et al., 
2022 [82] 

Prospective, 12 
patients, different 
glucose tolerance 
stages 

At least 
one 
Fdel508 
mutation 

ELE/ 
TEZA/IVA 

Improvement of 
OGTT (p < 0.05) 

Chan et al., 
2022 [63] 

Prospective, 22 
patients, different 
glucose tolerance 
stages 

At least 
one 
Fdel508 
mutation 

ELE/ 
TEZA/IVA 

No improvement 
of OGTT. 
Improving trends 
in CGM data. 
Improvement in 
insulin secretion 
but worsening in 
sensitivity*. 
Improvement in 
HbA1c. 

(continued on next page) 
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mutation, which represents only 4–5 % of all CF cases [56] and the 
comparison group had more severe CFTR genotypes, thus more risk for 
CFRD [12]. 

Ivacaftor combined with lumacaftor (LUMA), a CFTR channel 
corrector, is the first dual therapy approved in the USA and in Europe in 
2015. It includes more patients as it is approved for Fdel508 homozy
gous patients (the most frequent mutation). The observations seen with 
IVA are not confirmed in these patients. Only one study on 40 patients 
with CF highlights a better glucose tolerance after 1 year treatment with 
LUMA/IVA [57]. Inversely, a similarly designed study using OGTT 
shows no significant difference of glucose metabolism between 
non-diabetic CF patients treated with LUMA/IVA and others without 
[56]. Other small studies show no impact on diabetes control after 
initiation of LUMA/IVA [58,59]. 

More recently, a combination of IVA/TEZA has been commercialized 
and approved in Europe in 2018 for Fdel508 homozygous patients and 
later to some heterozygous Fdel508 mutation but no study has explored 
the impact of this dual therapy on glycaemic homeostasis. 

IVA/TEZA/ELE has been approved in Europe in 2020 for patients 
with at least one copy of Fdel508 mutation and encouraging observa
tions regarding glucose homeostasis have been noticed. Scully et al. [60] 
provides convincing data on glycaemic improvement with this triple 
combination in CFRD patients and also in CF patients. 

HEMT seem to reduce insulin requirements, improve diabetes con
trol, glucose tolerance during OGTT and general glucose homeostasis 
but the mechanism is not completely understood since glucose homeo
stasis determinants as insulin sensitivity and B-cell function do not 
change in patients without diabetes [56,61,62]. To date, it appears that 
6 studies have employed mathematical modeling to examine the impact 
of CFTR channel modulators on glucose homeostasis. They opt for a 
comprehensive approach by simultaneously assessing B-cell function 
and insulin sensitivity through OGTT data. Their results show hetero
geneous changes of glucose homeostasis determinants after CFTR 
modulator therapy in CF patients [56,61–65]. This could be due to small 
sample size, heterogeneity in the CFTR modulator type included and 
study design, and/or different on-treatment times in the above studies. 
Nevertheless, the positive effect of CFTR modulator therapies on glucose 
homeostasis in CFRD patients is more than likely and this positive effect 

is possibly due to an improvement in insulin sensitivity. However, more 
studies on a larger scale and with a longer follow up must be conducted. 

8. Future directions 

There is growing interest in CFRD, particularly in light of its esca
lating prevalence. Diabetologists are expected to encounter this form of 
diabetes with greater frequency in the future. Numerous initiatives are 
presently underway to address CFRD, and many more are still expected. 

One of the main concerns is the screening and corresponding diag
nostic tools. There is a pressing need for alternative diagnostic methods 
that are both reliable and less encumbering. Leveraging CGM data, 
investigating HOMA indices, and validating them on a larger scale 
through prospective studies are giving a new momentum to the diag
nostic strategy. These methods, whether used individually, in combi
nation, or through a sequential approach, hold the potential to diminish 
dependency on OGTT, as previously demonstrated with HbA1c. In the 
meantime, it remains crucial to continue to advocate for systematic 
screening for CFRD through OGTT, starting at the age of 10. 

The extension of life expectancy for patients with CF and particularly 
those with CFRD, introduces a second set of challenges, no less signifi
cant than the first. Anticipated outcomes include an escalation in both 
microvascular and macrovascular complications due to prolonged 
exposure to hyperglycaemia, coupled with the emergence of classical 
cardiovascular risk factors such as arterial hypertension, dyslipidaemia, 
and obesity, within the population with CF since the introduction of 
CFTR modulator therapies. As a result, the proactive pursuit of micro
vascular and macrovascular complications must be integrated into the 
routine clinical practice of healthcare providers. However, the fre
quency of these screenings and the therapeutic targets for clinical and 
biological parameters remain uncertain. 

Lastly, the advent of CFTR channel modulators has introduced an 
element of uncertainty into our understanding of CFRD pathophysi
ology. The precise mechanism by which HEMT impacts glycaemic ho
meostasis remains enigmatic. An analysis of the kinetics of residual 
β-cell function loss in the absence of modulator therapy, juxtaposed with 
prospective data collected under modulator usage, might shed light on 
whether or not there is a deceleration in β-cell function decline. 

9. Conclusion 

CFRD management is a work in progress and remains a significant 
health concern. A better understanding of pathophysiology is contrib
uting to a more tailored approach to diabetes in CF. The possible impact 
of modulators on glucose balance challenges the direct role of CFTR 
channel in B-cells, which remains a controversial issue. While lung 
function, nutritional status, and life span of CFRD patients is known to 
be worse than CF patients without diabetes, these differences tend to 
diminish due to better care. The rising prevalence of diabetes, attributed 
to increased life expectancy, has led to a corresponding surge in expo
sure to chronic hyperglycaemia, resulting in a higher incidence of 
microvascular complications. Simultaneously, conventional cardiovas
cular risk factors are increasing. Screening tools are improving, but 
further studies are needed to establish evidence-based diagnostic cut- 
offs. HbA1c could eventually be useful in combination with CGM or 
HOMA indices for decreasing the use of OGTT. CGM technology clearly 
showed its capacity to detect patients at risk for clinical deterioration at 
an early stage and prevent the occurrence of complications, but its use 
for diagnosis is not validated at the moment. Recent data concerning 
CFTR modulator therapies on glucose control are encouraging. Opti
mized glucose control may be due to a possible physical capacity re
covery with better insulin sensitivity. CF-specific recommendations and 
aggressive treatment implemented in the last 20 years explain the 
improvement in the management of CFRD. Future research is essential 
for a better understanding and optimal care of these patients. 

Table 5 (continued ) 

Author Study design Mutation Type of 
modulator 

Outcomes 

Granados 
et al., 
2023 [64] 

NA NA NA Improvement in 
insulin secretion 
but worsening in 
sensitivity* 

Steinack 
et al., 
2023 [62] 

Single center 
observational 
study, 33 
patients, different 
glucose tolerance 
stages 

At least 
one 
Fdel508 
mutation 

ELE/ 
TEZA/IVA 

Improvement of 
OGTT and 
HbA1c. No 
improvement in 
insulin 
sensitivity, nor 
secretion* 

Lurquin 
et al., 
2023 [65] 

Single center 
retrospective 
study, 15 patients 
with CFRD 
17 patients 
without CFRD 

At least 
one 
Fdel508 
mutation 

ELE/ 
TEZA/IVA 
or TEZA/ 
VA 

Reduction in 
daily insulin 
dose. No 
improvement in 
insulin 
sensitivity, nor 
secretion* in 
patients without 
diabetes 

p: statistical signification. 
Abbreviations: AGT, abnormal glucose tolerance; CFRD, cystic fibrosis-related 
diabetes; CGM, continuous glucose monitoring ELE, elexacaftor; FU, follow- 
up; HbA1c, glycated hemoglobine; IVA, ivacaftor; LUMA, lumacaftor; m, 
month; NA, not available; OGTT, oral glucose tolerance test; TEZA, tezacaftor; 
UP, untreated patients; vs, versus; w, week; y, year. *Determined by a mathe
matical modeling. 
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