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Aims: Increasing evidence for benefit of early detection of cystic fibrosis related diabetes (CFRD) coupled with
limitations of current diagnostic investigations has led to interest and utilisation of continuous glucose moni-
toring (CGM). We conducted a systematic review to assess current evidence on CGM compared to reference
standard oral glucose tolerance test for the detection of dysglycemia in people with cystic fibrosis without
confirmed diabetes.

Methods: MEDLINE, Embase, CENTRAL, Evidence-Based Medicine Reviews, grey literature and six relevant
journals were searched for studies published after year 2000. Studies reporting contemporaneous CGM metrics
and oral glucose tolerance test results were included. Outcomes on oral glucose tolerance tests were categorised
into a) normal, b) abnormal (indeterminate and impaired) or c) diabetic as defined by American Diabetes As-
sociation criteria. CGM outcomes were defined as hyperglycemia (>1 peak sensor glucose > 200 mg/dL), dys-
glycemia (>1 peak sensor glucose > 140-199 mg/dL) or normoglycemia (all sensor glucose peaks < 140 mg/dL).
CGM hyperglycemia in people with normal or abnormal glucose tolerances was used to define an arbitrary CGM-
diagnosis of diabetes. The Quality Assessment of Diagnostic Accuracy Studies tool was used to assess risk of bias.
Primary outcome was relative risk of an arbitrary CGM-diagnosis of diabetes compared to the oral glucose
tolerance test.

Results: We identified 1277 publications, of which 19 studies were eligible comprising total of 416 individuals
with contemporaneous CGM and oral glucose tolerance test results. Relative risk of an arbitrary CGM-diagnosis
of diabetes compared to oral glucose tolerance test was 2.92. Studies analysed were highly heterogenous, prone
to bias and inadequately assessed longitudinal associations between CGM and relevant disease-specific sequela.
Conclusions: A single reading > 200 mg/dL on CGM is not appropriate for the diagnosis of CFRD. Prospective
studies correlating CGM metrics to disease-specific outcomes are needed to determine appropriate cut-points.

Introduction fibrosis (PwCF) [5]. The pathophysiology of CFRD is complex with in-

sulin deficiency, insulin resistance and concomitant exocrine pancreatic

Background

Cystic fibrosis is an inherited autosomal recessive condition with
variable clinical phenotypes [1,2] with respiratory failure the com-
monest cause of death [3,4]. Advances in cystic fibrosis treatment have
led to increased life expectancy and consequently rising prevalence of
associated co-morbidities such as cystic fibrosis related diabetes (CFRD)
[3,4]. It is estimated CFRD may affect up to half of all people with cystic

dysfunction leading to progressive inflammation and fibrosis of the
pancreas [6,7]. Presence of CFRD has been linked to lower baseline lung
function [8], faster rate of pulmonary decline [9,10], increased risk of
co-infection with Staphylococcal aureus and Pseudomonas aeruginosa
[11], prolonged pulmonary exacerbations [12] and higher mortality
[13] when compared to those without diabetes. Early diagnosis of CFRD
can improve nutritional status [14,15], lung function and mortality
[5,16].
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S. Kumar et al.
Current diagnostic criteria and limitations

The American Diabetes Association recommends an annual oral
glucose tolerance test (OGTT) from 10 years of age as the gold standard
screening test for CFRD. Diagnosis of CFRD is confirmed if fasting
plasma glucose level is > 126 mg/dL (>7.0 mmol/L) and/or 2-hour
plasma glucose level is > 200 mg/dL (>11.1 mmol/L). Cut-points on
the OGTT for diagnosis of CFRD are not related to adverse cystic fibrosis
outcomes, rather based on glucose levels associated with microvascular
complications in type 2 diabetes [17]. However, treatment has been
shown to be beneficial using these criteria and it remains unclear
whether more sensitive criteria are needed [18]. Secondly, in cystic
fibrosis the OGTT may demonstrate distinct abnormalities. Fasting hy-
perglycemia is uncommon and collection of blood glucose levels at 30,
60 and 90 min time-points increases opportunities to capture glucose
peaks > 200 mg/dL (>11.1 mmol/L) defined as indeterminate glucose
tolerance [19,20] which has been linked to increased future risk of CFRD
[19,21-23] and inferior lung function [24]. Thirdly, OGTT results over
time may transition across normal, impaired and diabetic and this bi-
directional trajectory may be indiscriminate and unpredictable
[21,25]. Lastly, there is reportedly low uptake of the OGTT for screening
of CFRD by eligible people [26]. A haemoglobin Alc (HbAlc) > 48
mmol/mol (>6.5 %) is currently not recommended as a screening tool
for CFRD due to insufficient sensitivity because of the intermittent na-
ture of hyperglycemia and higher red cell turnover in cystic fibrosis
[18,27,28]. Lower cut-offs have been proposed but not validated in
PwCF [29,30].

Evidence for continuous glucose monitoring

Continuous glucose monitoring (CGM) first became available in the
early 2000 s [31] and rapidly gained interest with advancements in
performance. Predominantly used for people with type 1 diabetes, CGM
provides real-time sensor glucose readings together with valuable trends
and insights not attainable with routine finger-prick blood glucose level
monitoring [32,33]. Usually, CGM serves as a management decision-aid
that optimises behavioural and pharmacological interventions with ev-
idence that it improves glycemic control, hypoglycemic confidence and
diabetes distress in people with type 1 diabetes [32,34]. In PWCF, lim-
itations of current diagnostic investigations for CFRD coupled with
increasing need for early detection and treatment have led to demands
for a more sensitive, accessible and user-friendly screening test. The
ability of CGM to detect early glucose abnormalities (dysglycemia) [35]
in PWCF, paired with less burdensome application than the OGTT given
no requirements for fasting and ability to be performed outside the
healthcare setting has led to its unconventional use as a diagnostic test
[36]. Currently there are no international position statements on the use
of CGM in PwCF, only a practical guide offering expert opinion [37] and
a recent systematic review by our group comparing use of CGM to self-
monitoring of blood glucose for the management of people with
confirmed CFRD [38].

Objectives

The primary objective of this systematic review was to assess current
evidence on CGM to detect hyperglycemia and dysglycemia in PwCF and
compare it to the reference gold standard OGTT. Secondary objectives
were to explore interrelationships between CGM and other reference
tests and identify evidence gaps to help guide future research directions.
Research design and methods

Protocol design

Our protocol aligned with a previously published Cochrane system-
atic review protocol on the topic [39] and followed the Preferred
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Reporting Items for Systematic Reviews and meta-Analyses for Protocols
(PRISMA-P) reporting guidelines [40] (See Supplement 1). All human
studies utilising CGM in cystic fibrosis published after January 1, 2000
were identified. The search was carried out on March 19, 2020 and
database alerts set up to identify new relevant studies given anticipated
disruption due to the covid-19 pandemic. Online databases searched
included MEDLINE, EMBASE, Cochrane Central Register for Controlled
Trials (CENTRAL), all evidence-based medicine reviews incorporating
Cochrane database of systematic reviews, ACP journal club, Cochrane
central register of controlled trials, Cochrane methodology register and
the International Clinical Trials Registry Platform Search Portal. Grey
literature searches were conducted using Google Scholar, Open Grey and
British Library. Six journals (Diabetic Medicine, Diabetes, Diabetologia,
Journal of Cystic Fibrosis, Paediatric Pulmonology and Paediatric Diabetes)
were hand searched (last 5 years) to identify relevant conference ab-
stracts from Diabetes UK abstracts, American Diabetes Association Sci-
entific Session Abstracts, European Association of the Study of Diabetes
Annual Meeting, European Cystic Fibrosis Society, Annual North
American Cystic Fibrosis Conference and Annual Meeting of the Inter-
national Society for Pediatric and Adolescent Diabetes respectively. A
concept map (Supplement 2; S1 & S2) were developed to search the
online databases using MeSH terms and text words to maximise sensi-
tivity: “cystic fibrosis” AND “continuous glucose monitoring” AND
“diabetes”.

Selection criteria

Eligibility criteria were predefined and inclusion criteria comprised
individuals with confirmed cystic fibrosis of all ages and genders who
had used any CGM device for > 24 h with at least one reference standard
test (OGTT, HbA1lc or plasma/finger-prick blood glucose level) within 3
months of CGM use. There were no restrictions on study type. Studies
published before the year 2000, not in English language and with un-
available or insufficient published quantitative data were excluded. See
Supplementary Material S3 for more detail.

Data extraction

Search results were exported for storage to EndNote and transferred
to Covidence for screening and data extraction. One reviewer (SK)
completed title and abstract screening and two reviewers (SK, MP)
independently reviewed all full text articles to be included in the study,
with discrepancies resolved by a third investigator (HT).

Data collection

One reviewer (SK) independently extracted data from published re-
ports into a specially formulated electronic datasheet with 10 % cross-
checked by a second reviewer (MP). Information collected included a)
General study details (title, authors, reference, year of publication), b)
Study information (selection criteria, study design and methods, number
of participants), c) Participant demographics (age, gender), d) Index test
(type of CGM used, average duration of wear), e) Glucometric outcomes
of interest including CGM metrics, OGTT, HbAlc, finger and plasma
blood glucose levels and other relevant clinical characteristics including
pulmonary (e.g. forced expiratory volume in one second [FEV1], pul-
monary exacerbations, microbiological status) and non-pulmonary (e.g.
body mass index [BMI]) outcomes.

Risk of bias Assessment

The Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2)
tool was used to assess risk of bias using four key domains including
patient selection, index test, reference standard and flow and timing
[41]. A flow diagram and signalling questions were created and piloted
(see Supplement 2: S4 and S5).
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Study definitions

Given lack of consensus CGM criterion for diagnosis of CFRD and in
line with the Cochrane systematic review protocol on the topic [39] that
used the American Diabetes Association criteria as a clinical reference
point; we defined CGM outcomes based on best evidence that maximised
evaluation of all available contemporaneous CGM and OGTT data in
PwCF in the published literature. CGM hyperglycemia was defined as >
1 peak on sensor glucose > 200 mg/dL (>11.1 mmol/L), CGM dysgly-
cemia as > 1 peak on sensor glucose > 140 and < 199 mg/dL
(>7.8-11.0 mmol/L) and CGM normoglycemia as all peaks on sensor
glucose < 139 mg/dL (<7.7 mmol/L). Fasting sensor glucose levels were
rarely reported in the literature and consequently not included in any
definitions.

Results of OGTT were classified according to the American Diabetes
Association criteria into either normal glucose tolerance (NGT),
impaired glucose tolerance, indeterminate glucose tolerance, impaired
fasting glucose and CFRD [18]. Studies reporting indeterminate glucose
tolerance or impaired fasting glucose were infrequent. Therefore, we
defined abnormal glucose tolerance (AGT) in our protocol to collectively
refer to impaired glucose tolerance, indeterminate glucose tolerance and
impaired fasting glucose on OGTT.

For the purposes of our study, we developed criterion for an arbitrary
CGM-diagnosis of diabetes which was met if PwCF with normal or
abnormal glucose tolerance tests demonstrated > 1 peak on sensor
glucose > 200 mg/dL (>11.1 mmol/L) on CGM.

Outcomes

We compared aligned criterion on CGM (i.e. > 1 peak on sensor
glucose > 200 mg/dL) to the reference standard OGTT (i.e 2-hour
plasma glucose level > 200 mg/dL) for diagnosis. Our primary
outcome was the relative risk of an arbitrary CGM-diagnosis of diabetes
compared to the accepted OGTT diagnosis of CFRD in people with cystic
fibrosis. We elected not to report results in terms of CGM being ‘superior’
or having ‘higher sensitivity’ than the OGTT given a) there are no in-
ternational consensus on the use of CGM as a screening or diagnostic test
for CFRD b) OGTT remains the established reference gold standard and
¢) no supreme third reference test exists that CGM and OGTT can be
directly compared to. For this reason, conventional screening test out-
comes such as sensitivity, specificity, positive and negative predictive
values were not calculated and reported in our review. Potential in-
ferences from our study findings are presented in Supplementary material
Sé.

Secondary outcomes included evaluating the prevalence of CGM
hyperglycemia, dysglycemia and normoglycemia in NGT and AGT to
explore differences in how glucose abnormalities may be captured by
the two modalities with some alignment of criterion. The in-
terrelationships between CGM and HbAlc, plasma and fingerpick blood
glucose levels were also explored.

Statistical analysis and data synthesis

The primary outcome of relative risk was calculated by dividing the
total number of individuals meeting criterion for an arbitrary CGM-
diagnosis of diabetes by the total number of individuals meeting
accepted CFRD criteria on OGTT i.e. arbitrary CGM-diagnosis of dia-
betes in NGT + AGT / confirmed CFRD diagnosis on OGTT.

Secondary outcomes included calculating the percentage of in-
dividuals with NGT and AGT who had CGM hyperglycemia, dysglycemia
and normoglycemia. If multiple studies demonstrated alignment of
methods, definitions and outcomes, then a meta-analysis was planned.
For secondary outcomes evaluating the relationship between CGM and
other reference standards (e.g. HbAlc, fingerpick and plasma blood
glucose levels), a qualitative synthesis was planned.
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Results
Characteristics of included studies

Fig. 1 shows a flow diagram of the study selection process. A total of
1277 publications were retrieved through the combination of original
database searches, hand search and database alerts function until 30/6/
2022. Following full-text review, 19 studies met the inclusion and
exclusion criteria for primary analysis. Of the 578 eligible participants,
162 were excluded largely due to insufficient published quantitative
data. This resulted in a total of 416 individuals with contemporaneous
CGM and OGTT (See Supplementary Material S7). Two recent studies by
Chan et al [42] and Scully et al [43] reported comprehensive CGM
metrics but not individual peak CGM sensor glucose readings therefore
did not meet our protocol inclusion criteria, however their seminal
findings are discussed in detail separately.

Definitions of hyperglycemia and dysglycemia varied significantly
across studies, with most applying a variation of current American
Diabetes Association diagnostic criteria for CFRD (See Table 1). Studies
used different CGM devices, with Medtronic systems being the most
common. Most studies excluded participants with an acute pulmonary
exacerbation, cystic fibrosis related liver disease, significant coagulop-
athy, use of glucocorticoids, lung transplantation or pregnancy.

Risk of bias

Fig. 2 summarises overall risk of bias for studies included in the
primary analysis according to the four QUADAS-2 domains. Four studies
had very high risk of selection bias, with CGM performed due to clinical
concern or known glucose abnormalities [44-47]. Individual risk of bias
for each study are presented in the Supplementary material S8.

Baseline characteristics

The mean age of the study population was 18.6 years + 8.0 with 159
(38.2 %) being male. Demographics were not reported by all the studies.

Primary outcome

Of the 416 individuals evaluated in our primary analysis, 51 met
CFRD criteria on OGTT and the remaining 365 individuals (NGT = 253,
AGT = 112) did not. Of the individuals without OGTT confirmed CFRD,
149 (85 NGT and 64 AGT) met criterion for an arbitrary CGM-diagnosis
of diabetes. Therefore, the calculated relative risk of an arbitrary dia-
betes diagnosis based on our CGM criterion compared to the reference
standard OGTT was 2.92 (RR 149/51) (see Table 2).

Secondary outcomes

Prevalence of CGM hyperglycemia, dysglycemia and normoglycemia

In individuals with NGT, 33.6 % (85/253) had CGM hyperglycemia,
28.5 % (72/253) had CGM dysglycemia and 37.9 % (96/253) had CGM
normoglycemia. In individuals with AGT, 57.1 % (64/112) had CGM
hyperglycemia, 29.5 % (33/112) had CGM dysglycemia and 13.4 % (15/
112) had CGM normoglycemia. Overall, 41 % (n = 149/365) of in-
dividuals not meeting diabetes criteria on OGTT met criterion for an
arbitrary CGM-diagnosis of diabetes.

Comparison of CGM to other reference standards in people with cystic
fibrosis

A total of 15 studies were included in a qualitative analysis (See
Table 3) with Dobson et al [48] evaluating correlations between CGM
and both fingerpick and plasma blood glucose levels. CGM was
compared to HbAlc (n = 11)[47,49-58] fingerpick blood glucose levels
(n = 3)[48,59,60] and plasma blood glucose level (n = 2)[48,61]. Two
studies [47,50] also performed OGTT alongside CGM and HbA1lc. Chan
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Fig. 1. PRISMA Flow Diagram.

et al [50] reported HbAlc correlated with average glucose on CGM in
PwCF, with the relationship comparable to people with type 1 and type 2
diabetes. Scully and colleagues [57] also found strong correlations be-
tween average glucose on CGM and HbAlc, which remained significant
after adjustment for multiple variables (age, gender, ethnicity). They
reported significant variability in HbAlc, average glucose and % time >
140 mg/dL on CGM but not in other CGM measures at 3-month follow-
up [43].

Reporting of pulmonary, non-pulmonary and quality of life factors

Few studies reported associations between CGM and clinical out-
comes. Khammar et al [46] found no difference in lung function and
nutritional status between those with CGM hyperglycemia versus CGM
normoglycemia. Elidottir and colleagues [52] reported a significant
difference in lung function (as measured by FEV1% predicted) between
those with CGM hyperglycemia (defined as > 0.5 peaks per day of > 11
mmol/L on CGM p = 0.018) but no difference with regard to CGM
dysglycemia. In contrast, Pu et al [58] reported no associations between
FEV1 and CGM metrics (AUC and % total time > 200 mg/dL). Leclerq et
al [62] reported no difference in intravenous antibiotic use between
those with CGM hyperglycemia versus CGM normoglycemia, but noted
the former had significantly higher rates of Pseudomonas aeruginosa
infection/colonisation. Taylor-Cousar et al [63] reported no correlation
between maximum sensor glucose on CGM and pulmonary exacerba-
tions. Elidottir and colleagues [52] evaluated patient experiences of
using CGM and reported high user acceptability and satisfaction.

Only two primary studies reported follow-up data with Schiaffini et
al [64] repeating OGTT at 2.5 years and Taylor-Cousar et al [63]
retrospectively reviewing clinical notes. Both studies found CGM

hyperglycemia predicted progression to CFRD at future follow-up.
Discussion
Main findings

To our knowledge, this is the first systematic review directly
comparing contemporaneous results from CGM and the reference stan-
dard OGTT for the detection of hyperglycemia and dysglycemia in
PwCF. Based on our study criterion, our findings suggest if CGM were to
be used as a diagnostic test, then up to three times the number of PwCF
would have met our arbitrary criterion for diabetes compared to the
reference standard OGTT. According to our analysis, this would have
resulted in up to half of all individuals not classified with diabetes on the
OGTT given an arbitrary CGM-diagnosis of diabetes. We found studies
reported clinical outcomes on lung function [46,52,58,62,63], BMI
[46,58,63], pulmonary exacerbation [63], microbiological status [62],
and patient experiences of using CGM [52] however, none provided
long-term prospective follow-up. Therefore, the clinical relevance and
risks associated with using CGM for diagnosis of diabetes in PwWCF re-
mains unclear.

Alignment of findings with current position statements

The American Diabetes Association [18] and International Society
for Pediatric and Adolescent Diabetes [17] currently do not support the
use of CGM for the diagnosis of CFRD. This would align with our study
findings whereby using criterion of > 1 peak sensor glucose value > 200
mg/dL on CGM was associated with significantly increased detection of
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Table 1
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Characteristics of studies included in the primary analysis for comparisons of contemporaneous results from CGM and OGTT.

Author Year  Country Study Type Recruitment n Mean Age CGM used Duration of Definition of Dysglycemia
(yrs) CGM wear
Balzer*[44] 2014  Australia  Prospective Selective 14 25 IPro2 6 days Mean SG and range, AUC > 7.8 mmol/L
Boudreau 2017  Canada Prospective Unclear 15 35 Dexcom 7 days Peak SG > 8.0 mmol/L abnormal
[65]
Dyce[66] 2014 UK Retrospective ~ Unclear 14 NS Not specified NR >4.5 % time monitored > 7.8 mmol/L
defined as abnormal
Elidottir[52] 2021  Sweden Prospective Consecutive 29 115 Freestyle 14 days Number of peak SG > 8 mmol/L and > 11.1
Libre mmol/L measured + other CGM metrics
Franzese* 2008  Italy Prospective Consecutive 32 10-20 Medtronic 3 days >1 SG peak > 7.8 mmol/L defined as
[45] Minimed impaired. > 1 SG peak > 11.1 mmol/L
defined CFRD
Haliloglu[67] 2017  Turkey Prospective Consecutive 44 13 Medtronic 3 days >3% time > 11.1 mmol/L defined as
Guardian abnormal
Helm[61] 2009 UK Prospective Unclear 4 31 Not specified 3 days Not explicitly defined - ‘diabetic range’
Janssen[68] 2010 USA Prospective Unclear 10 NS Medtronic 3 days SG range
Jefferies* 2004  Canada Prospective Consecutive 19 14 Medtronic 1-3 days >1 SG peak > 7.8 mmol/L defined as
[471 impaired and > 11.1 mmol/L defined as
CFRD
Khammar* 2009  France Prospective Unclear 20 14 Not specified 31 days >1 SG peak > 11.1 mmol/L defined as CFRD
[46]
Leclerq[62] 2013 France Prospective Unclear 38 26 Medtronic NR >1 SG peak > 11.0 mmol/L defined as CFRD.
Normal defined as peaks < 11.0 mmol/L
Leon[69] 2018  Spain Prospective Unclear 30 14 IProTM2 6 days >1% time > 11.1 mmol/L defined as CFRD.
< 1 % time > 11.1 mmol/L defined as
impaired
Mainguy[70] 2017  France Prospective Consecutive 29 13 Medtronic 3 days SG peak > 7.8 mmol/L defined as impaired.
Minimed SG peak > 11.1 mmol/L defined as CFRD.
Moreau[71] 2008 France Prospective Consecutive 32 26 Medtronic 3 days Normal defined as SG < 7.8 mmol/L. SG >
11.1 mmol/L defined as CFRD
O’Riordan 2006  Ireland Prospective Unclear 8 Pediatric Medtronic 2 days SG peak > 11.1 mmol/L defined as CFRD
[72] NS
Pu[58] 2018  Brazil Prospective Consecutive 39 15 Medtronic 1-2 days >1 SG peak > 7.8 mmol/L defined as
Minimed impaired. > 1 SG peak > 11.1 mmol/L
defined CFRD
Schiaffini 2010  Italy Prospective Consecutive 17 13 Medtronic 3 days >2 SG peaks > 11.1 mmol/L defined as
[64] Minimed CFRD
Taylor- 2016  USA Prospective Consecutive 18 32 Medtronic 3 days > 2 separate days of > 7.8 mmol/L defined
Cousar|[63] as impaired or > 11.1 mmol/L defined CFRD
Widger[73] 2011  Australia  Prospective Consecutive 4 14 Not specified 3 days >1 SG peak > 11.1 mmol/L defined as CFRD

*Studies with high risk of selection bias due to inclusion of individuals with cystic fibrosis with reportedly previously abnormal blood glucose levels
NS not specified, SG sensor glucose result on continuous glucose monitoring, AUC area under the curve
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Fig. 2. Summary of overall risk of bias for studies included in the pri-
mary analysis.

glucose abnormalities in PWCF compared to the OGTT with unknown
clinical implications. Studies have linked dysglycemia detected on CGM
with declines in lung function [52,62,74], poor recovery from pulmo-
nary exacerbation [75], weight loss [20,76] and increased risk of pro-
gression to CFRD [63,64], however, the benefits of treating this
dysglycemia remain underwhelming [44 77,78]. This is in contrast to
impaired glucose tolerance detected on the OGTT, where some evidence
exists to support insulin initiation with demonstrable improvements in

weight, lung function and frequency of pulmonary exacerbations
[79-81]. A multi-centre randomised controlled trial of once-daily in-
sulin versus observation alone in PWCF with dysglycemia without a
formal diagnosis of CFRD (CF-IDEA Trial, clinical trials.gov
NCT01100892) is currently under-way to elucidate benefits of treating
early glucose abnormalities.

Development of disease-specific cut points

Cystic fibrosis specific cut points on CGM should be based on adverse
clinical outcomes such as lung function and/or nutritional decline given
the distinct pathophysiological mechanisms responsible for the
increased morbidity and mortality associated with CFRD [35,82]. We
found the key clinically relevant CGM metrics in PwCF were unclear
amongst the analysed studies due to significant heterogeneity in defi-
nitions and inconsistent reporting of CGM metrics. From a mechanistic
perspective, sustained dysglycemia rather than infrequent overt hyper-
glycemia on CGM may be of greater clinical relevance. For example,
Hameed defined dysglycemia on CGM as 4.5 %-time (approximately 65
min/day) of sensor glucose reading > 140 mg/dL (>7.8 mmol/L) and
found it correlated with declining weight and lung function [20]. Our
own group has previously reported associations between percentage of
total time > 140 mg/dL (>7.8 mmol/L) on CGM and poor pulmonary
recovery following an exacerbation [75]. Additionally, international
consensus on CGM reporting [83] do not include singular peaks above a
pre-defined sensor glucose threshold as a key CGM metric. Only two
studies [52,58] in our primary analysis were published after this


http://trials.gov

S. Kumar et al.

Journal of Clinical & Translational Endocrinology 30 (2022) 100305

Table 2
Results from studies with contemporaneous OGTT and CGM categorised according to protocol criterion.
Study Test Results Total
Author Year  OGTT Normal Glucose Tolerance (NGT) Abnormal Glucose Tolerance (AGT) CFRD
CGM Normoglycemia  Dysglycemia  Hyperglycemia  Normoglycemia  Dysglycemia  Hyperglycemia
Balzer 2014 0 1 0 0 1 5 7 14
Boudreau 2017 0 2 3 2 1 5 2 15
Dyce 2014 0 14 NR 0 0 NR 0 14
Elidottir 2021 0 1 9 0 1 16 2 29
Franzese 2008 4 5 6 0 3 7 7 32
Haliloglu 2017 24 NR 10 0 NR 4 6 44
Helm 2009 0 0 3 0 0 1 0 4
Janssen 2010 1 4 1 1 1 1 1 10
Jefferies 2004 2 3 1 2 4 0 7 19
Khammar 2009 1 NR 9 3 NR 7 0 20
Leclerq 2013 26 NR 12 0 0 0 0 38
Leon 2017 1 10 3 1 6 7 2 30
Mainguy 2017 5 8 8 1 4 0 3 29
Moreau 2008 14 0 8 NR NR NR 10 32
O’Riordan 2007 NR NR NR NR 2 4 2 8
Pu 2018 9 14 4 2 8 2 0 39
Schiaffini 2010 8 NR 3 3 NR 2 1 17
Taylor-Cousar 2016 1 10 2 0 2 2 1 18
Widger 2011 0 0 3 0 0 1 0 4
Total (n) 96 72 85 15 33 64 51 416
Outcome of CGM NGT AGT Total
(total = 253) (total = 112) (n = 365)
n % n % n %

96 (37.9 %)
72 (28.5 %)
85 (33.6 %)

CGM Normoglycemia

CGM Dysglycemia

CGM Hyperglycemia (i.e. arbitrary CGM-
diagnosis of diabetes)

Relative risk of diabetes diagnosis = n arbitrary CGM-diagnosis of diabetes/ n confirmed CFRD on OGTT = 149 / 51

15 (13.4 %)
33 (29.5 %)
64 (57.1 %)

111 (30.4 %)
105 (28.8 %)
149 (40.8 %)

2.92

NR not reported

consensus statement with percentage total time spent > 140 mg/dL
(>7.8 mmol/L) reported by one study, a metric they found was signif-
icantly associated with HbAlc [58].

Two recent studies by Chan et al [42] and Scully et al [43] pro-
spectively and rigorously investigated relationships between the OGTT
and key CGM metrics [83] such as average sensor glucose, percentage
time above a sensor glucose threshold > 140 mg/dL equivalent to > 7.8
mmol/L (%T > 7.8), percentage time > 180 mg/dL equivalent to > 10.0
mmol/L (%T > 10.0), percentage time > 200 mg/dL equivalent to >
11.1 mmol/L (%T > 11.1), percentage time > 250 mg/dL equivalent to
> 13.9 mmol/L (%T > 13.9), SD, coefficient of variation (CV) and mean
amplitude of glucose excursion (MAGE). They did not report singular
peaks above a pre-defined sensor glucose threshold on CGM therefore
were not included in our primary analysis. Importantly, their studies
were not designed to evaluate screening capabilities of CGM in PwCF,
rather they focused on the capacity of CGM measures of dysglycemia (%
T > 7.8), hyperglycemia (%T > 10.0, %T > 11.1, %T > 13.9) and gly-
cemic variability (SD, CV, MAGE) to differentiate between PwCF with
and without diabetes confirmed using the OGTT. Chan and colleagues
used frequently sampled OGTT and CGM (iPRO2 CGM for 3-7 days) in
85 PwCF while Scully et al used the Freestyle Libre Pro and Dexcom G6/
Pro devices in 77 PwCEF. Scully et al found CGM measures of dysglycemia
and hyperglycemia had high sensitivities (>90 %) and specificities
(>80 %) for the detection of CFRD, in contrast to Chan et al who re-
ported much lower sensitivities (67-75 %) and specificities (53-60 %).
Scully et al also explored longitudinal interrelationships between CGM
metrics and disease-specific clinical outcomes (FEV1 and BMI) and re-
ported strong correlations between CGM measures of dysglycemia, hy-
perglycemia and glycemic variability. Given their positive findings,
Scully and colleagues proposed two CGM measures demonstrating > 85
% sensitivity and specificity for identifying CFRD; 3.4 %-time > 180 mg/
dL [equivalent to 49 min/day > 10.0 mmol/L] and 17.5 %-time > 140
mg/dL [equivalent to 252 min/day > 7.8 mmol/L]. Despite conflicting
results, these studies provide the most comprehensive evidence to date

on correlations between CGM metrics, OGTT and disease-specific out-
comes. Furthermore, they highlight the deficiencies in rigor, particularly
in the early studies included in our analysis, which likely reflect a
learning curve associated with adoption of diabetes technology.

Standardisation of testing conditions

For CGM to be used in a diagnostic capacity, standardising testing
conditions to ensure accuracy and reproducibility would be desirable. A
pilot study in PwCF comparing contemporaneous hospital-based OGTT
versus home-based OGTT using CGM and fingerpick blood glucose
monitoring reported poor correlations in glucose levels [84] high-
lighting the importance of contextual factors impacting glycemia.
Despite dysglycemia being more frequently detected on CGM compared
to the OGTT [74], in our study we found 13.4 % (15/112) of individuals
with AGT had CGM normoglycemia. This may have occurred due to
behaviour modifications during unblinded CGM wear, unreported
treatments such as modulator therapies and/or non-standardised OGTT
conditions [85]. In contrast, factors such as diet, exercise, presence of
intercurrent illness, pulmonary exacerbations and medications such as
glucocorticoids could contribute to CGM hyperglycemia and dysglyce-
mia. Reliance on singular peak sensor glucose criterion on CGM could
amplify effects of testing conditions whilst percentage time metrics may
be less vulnerable. Prolonged duration of CGM wear during stable dis-
ease might serve to increase opportunities for detection of glucose ab-
normalities, but on the other hand, CGM use during periods of illness
such as a pulmonary exacerbation, may offer some of the earliest in-
dications of p-cell dysfunction in PwCF.

Continuum of glucose abnormalities in cystic fibrosis

We found similar percentages of CGM dysglycemia in people with
NGT and AGT and this aligns with findings from Scully’s cohort,
whereby CGM measures of dysglycemia and hyperglycemia did not
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Table 3
Conclusions from studies comparing CGM to reference standards HbA1lc, fingerpick and plasma blood glucose levels.
Author Year  Study Type Recruitment n Pre- Mean CGM HbAlc Conclusion
existing Age used %
CFRD (yrs)
CGM compared to HbAlc
Brennan 2006  Prospective Unclear 20 10 29 Minimed NR Strong correlation between HbAlc and mean SG on CGM
[49] in CFRD R2 = 0.888

Chan*[50] 2018  Prospective Selective 93 28 14 IPro2 5.7 % HbAlc correlated with multiple glycemic measures and
didn’t underestimate average SG on CGM

Chan[51] 2020  Retrospective  Selective 42 0 13 IPro2 5.6 % HbA1lc normal despite hyperglycemia & glycemic
variability on CGM in patients with NGT

Elidottir 2021  Prospective Consecutive 29 2 11.2 Freestyle 5.4 % HbAlc significantly correlated with proportion of SG > 8

[52] Libre mmol/L during CGM (r(26) = 0.479, p = 0.013) and the
average SG on CGM (1(26) = 0.517, p = 0.007).

Hope[53] 2018  Prospective Unclear 93  Unclear 14 NS 5.7 % Strong correlation between HbA1lc and average SG on
CGMR = 0.86

Jackson 2017  Prospective Unclear 30 0 Adults NS NR 67 % (20/30) had glycemic abnormality detected on CGM

[54] with 2/30 having abnormal HbAlc

James|[55] 2019  Retrospective  Unclear - Unclear Adults NS NR Moderate correlation between HbAlc and average SG on
CGM (R = 0.667)

Jefferies* 2004  Prospective Consecutive 19 7 14 Medtronic 6.3 % Moderate correlation between HbAlc and average SG on

[47] CGM R2 = 0.42
Manning 2022  Retrospective  Selective 52 52 NR Freestyle NR Plasma HbA1c strongly correlated with estimated A1C (r
[56] Libre =0.90)

Pu [58] 2018  Prospective Consecutive 39 0 15 Medtronic NR AUC values SG > 140 mg/dL (7.8 mmol/L) significantly
associated with HbAlc (P = 0.026). % total time SG > 140
mg/dL (7.8 mmol/L) significantly associated with HbAlc
(P =0.027)

Scully [57] 2020  Prospective Consecutive 71 25 34 Freestyle NR HbAlc strongly correlated with average sensor glucose on

Libre CGM (R2 = 0.62, p=<0.001) with r’ship significant after
adjustment for age, gender, pancreatic function,
modulator use and ppFEV1

Sensor glucose (SG) on CGM compared to fingerpick blood glucose level

Cottam 2017  Prospective Unclear 9 NS n/a Freestyle n/a Strong correlation between SG on CGM and fingerpick

[59] Libre blood glucose levels (Spearman’s rho 0.947) however
sensor glucose consistently lower

Dobson 2003  Prospective Unclear 21 0 27 Minimed n/a Strong correlation between SG on CGM and fingerpick

[48] blood glucose levels (R2 = 0.77) with a mean absolute
difference 10.7 + 8.7 %.

Howlett 2020  Prospective Consecutive 18 18 36.4 Freestyle 7.6 CGM vs fingerpick: mean absolute difference was 0.27

[60] libre mmol/L (95 % CI —1.7 to 2.5), and for BGL < 4.0 mmol/L
it was 0.47 mmol/L. Mean relative difference was 105 %
(95 % CI 82 % to 130 %)
Sensor glucose (SG) on CGM compared to plasma blood glucose level
Dobson 2003  Prospective Unclear 21 0 27 Minimed n/a Moderate correlation between SG on CGM and plasma
[48] blood glucose level (correlation coefficient 0.57) with a
mean absolute difference 24.9 + 21 %
Helm[61] 2009  Prospective Unclear 27 0 Adults Medtronic n/a CGM correlated well with plasma blood glucose level

during OGTT

*Study also performed OGTT alongside CGM and other reference measurements

differentiate between these two groups [43]. Mid-OGTT glucose eleva-
tions > 140 and < 200 mg/dL mg/dL (>7.8-11.1 mmol/L) traditionally
classified as NGT have recently been linked to early glucometabolic
abnormalities [86] with refined OGTT criteria now emphasising the
importance of distinct abnormalities such as indeterminate glucose
tolerance in PWCF [23]. However, the transition from normal to diabetic
glucose tolerance without any identifiable risk features [21,64] together
with low uptake of OGTT as a screening test poses a major barrier to
early diagnosis of CFRD. Therefore, the potential for CGM to bridge this
gap, and potentially combined with risk factors [26] to stratify and
facilitate early diagnosis of CFRD is much needed and promising.

We found two studies reported CGM hyperglycemia predicted
development of CFRD in the future [63,64] however, a recent larger
study showed CGM measures of dysglycemia only correlated with early
weight decline at three years, despite detection of glucose abnormalities
missed by the OGTT at baseline [87]. In PwCF, diverse epidemiological
[21,88], genetic [88,89], therapeutic [90]) and clinical [16] factors may
impact glycemia causing bidirectional changes in glucose levels, which
have been detected on both OGTT [21] and CGM [57]. This complex
continuum of glucose abnormalities governed by incompletely under-
stood regulatory mechanisms such as the dynamic sensitivity of

pancreatic p-cells to changes in glucose concentrations [86] coupled
with heterogeneity of PWCF makes it challenging to define glycemia and
its effects, regardless of the measurement tool used. This may explain the
contrasting conclusions reached by Chan et al and Scully et al about
whether CGM measures of hyperglycemia can reliably distinguish be-
tween individuals with and without CFRD. The dilemma of navigating
these barriers while recognising the prognostic potential of CGM to
detect glucose abnormalities, particularly in people with early clinical
decline requires at this time a personalised approach and shared
decision-making that balances potential unknown benefits with harms
and futility.

Comparison to other reference tests

Our qualitative secondary analyses found reasonable correlation
between average sensor glucose on CGM and HbA1lc, however this may
have been confounded by the significant number of individuals with
confirmed CFRD in the studies. Comparison of estimated A1C (a CGM
metric also known as glycemic management indicator) and plasma
HbAlc may be useful to confirm and quantify if the latter un-
derestimates glycemic control in PwCF. We found correlations between



S. Kumar et al.

plasma and finger-prick BGL and sensor glucose on CGM was high,
which could be useful for validating and stratifying the accuracy of
different CGM devices available for use in PwCF.

In contrast to all other available diagnostic tests for diabetes, the
capacity for CGM to provide rich glucometric data over a prolonged
period of time makes it fit for purpose to capture the spectrum of glucose
abnormalities that may be present in PwCF.

Strengths and weakness

Our review has several significant limitations. Firstly, definitions of
CGM outcomes were extrapolated from American Diabetes Association
criteria and a Cochrane systematic review protocol [39] on the topic and
have low internal validity and clinical utility. Secondly, 162 potentially
eligible participants were excluded predominantly due to insufficient
data (n = 122) which may have introduced bias into our study by over or
under-estimating the relative risk of an arbitrary CGM-diagnosis of
diabetes. Thirdly, we acknowledge our analyses were significantly
limited due to the methodological challenges arising from research in
this field with heterogenous definitions, divergent clinical practice,
inherent biases, small patient populations, lack of reporting key CGM
metrics and learning curve associated with the adoption of diabetes
technology. Over half of the studies failed to report how patients were
selected which could have major implications given significant intra-and
inter-individual heterogeneity with regards to glucose abnormalities in
cystic fibrosis. Indeterminate glycemia may not have been recognised as
a distinct entity during conduct of earlier studies, leading to PwCF
meeting criteria falsely grouped as NGT instead of AGT in our study.
Important clinical characteristics such as mutation status, pancreatic
insufficiency, use of modulator therapy, and ethnicity were inconsis-
tently reported. Studies also frequently failed to report whether CGM
was blinded from the individual which could have implications for
instigating behaviour change during the study period. Lastly, first-
generation CGM devices used in the early 2000 s may have been
vulnerable to hypoxia and potentially overestimated glucose concen-
trations [91].

Our study strengths include being the first systematic review on this
topic and despite significant methodological limitations, by making few
amendments to the original protocol (See Supplement 1) we deliver an
organised, comprehensive and up-to-date overview of the stated prob-
lem, available evidence and gaps in knowledge.

Future directions

In people with type 1 diabetes, an evidence-base consisting of mul-
tiple large randomised controlled trials has been used to develop inter-
national consensus on standardised CGM metrics based on correlations
with HbAlc and microvascular complications [92]. Major barriers exist
to such an undertaking in PwCF. To facilitate high-quality research in
this field, firstly reporting of standardised CGM metrics [92] and
consensus on definitions for CGM measures of dysglycemia and hyper-
glycemia in PwCF would be helpful. Exploring associations between key
CGM metrics such as glycaemic variability and percentage time above
defined sensor glucose thresholds and clinically objective cystic fibrosis
outcomes (e.g. FEV1, BMI, pulmonary exacerbations, microbiological
status) together with epidemiological, genetic, therapeutic and clinical
factors are required to better understand the complex continuum and
bidirectionality of glucose abnormalities in PwCF and its effects. To
explore longer-term interrelationships between CGM measures and
disease-specific outcomes, prospective data collection and formation of
repositories with collaborations across centres may be needed.

Before specific cut points based on disease-specific outcomes can be
used to define diabetes on CGM, concurrent comparisons to reference
standards such as the OGTT and HbAlc can ensure quality assurance
and alignment. Once a sufficient evidence-base becomes available, then
these disease-specific CGM cut points can serve as CGM targets for
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treatment, for which the effects will need separate evaluation. If treat-
ment of early glucose abnormalities detected on CGM can be shown to
improve clinical outcomes in PwCF, then alignment with OGTT and
other reference standards may no longer be necessary, and consideration
of a CGM-diagnosis of diabetes as an entity discrete from CFRD as
currently defined may be needed.

Evaluation of consumer and healthcare provider experiences of using
CGM for this purpose should also be encouraged as this will assist
guideline development and implementation in the clinical setting.
Finally, policies supporting use of CGM in PwCF may serve to increase
funding, access and research and potentially result in geographically
divergent clinical experiences and practice [93].

Conclusions

We found the research trajectory evaluating CGM as a diagnostic tool
in PwWCF has been fragmentary and under-developed owing to early
learnings from the uptake of diabetes technology, with few recent
seminal studies providing comprehensive insights. In our analysis, we
found a single peak sensor glucose level > 200 mg/dL on CGM is not
appropriate for the diagnosis of diabetes and compared to the oral
glucose tolerance test, CGM was more likely to detect glucose abnor-
malities in people with cystic fibrosis owing to its capacity to capture
more glucometric data over a prolonged period of time. With this in
mind, if it were to be used as a diagnostic test, regardless of CGM cri-
terion a much higher incidence of diabetes diagnoses could be expected.
To advance this field, comprehensive reporting of CGM metrics and
clinical characteristics together with reference to the OGTT and HbAlc
should be encouraged in future studies. Prospective studies embracing
collaborative approaches to data-driven research are needed to examine
longitudinal interrelationships between CGM and clinically objective
cystic fibrosis outcomes to allow for mechanistic understanding and
diagnostic application, including the introduction of cystic fibrosis
specific CGM cut points based on relevant clinical sequela.
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