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Abstract
Background: Hyperglycaemia	may	contribute	to	failure	to	recover	from	pulmonary	
exacerbations in cystic fibrosis (CF). We aimed to evaluate the prevalence and mech-
anism	of	hyperglycaemia	during	and	post-exacerbations.
Methods: Nine	paediatric	CF	patients,	 not	on	 insulin,	 hospitalized	 for	 intravenous	
antibiotics, underwent an oral glucose tolerance test (OGTT) and continuous glu-
cose	monitoring	(CGM)	upon	admission	(visit	1)	and	an	OGTT	2	weeks	(visit	2)	and	
6 weeks to 12 months later when at stable baseline (visit 3). Insulin and glucose 
levels were measured before, 30, 60 and 120 min after glucose ingestion during 
OGTT.	Hyperglycaemia	on	OGTT	was	defined	according	to	the	American	Diabetes	
Association	criteria	as	abnormal	OGTT	or	consistent	with	diabetes.	Hyperglycaemia	
on	CGM	was	defined	as	CGM	time	above	140	mg/dL	>	4.5%.
Results: At	 visit	 1,	 8/9	 patients	 had	 hyperglycaemia	 on	 both	 CGM	 and	OGTT	 (2	
diabetes	 and	6	 abnormal	OGTT).	At	 visit	2,	5/8	had	hyperglycaemia	 (all	 abnormal	
OGTT).	At	 visit	 3,	 (median	 (IQR)	 time	 since	 visit	 1,	 4.9	 (3.8-6.3)	months),	 5/7	had	
hyperglycaemia (2 diabetes and 3 abnormal OGTT). At visits 1, 2 and 3, respectively, 
mean	 (SD)	 2-hour	 OGTT	 glucose	 was	 175.8	 (42.3),	 146.3	 (31.9)	 and	 176.9	 (51.7)	
mg/dL.	 CGM	 time	 above	 140	mg/dL	 at	 visit	 1	was	 25.3%	 (16.9).	 Insulin	 AUC	 de-
creased	from	visit	2	(median	(IQR)	5449	(3321-8123)	mcIU-min/mL)	to	visit	3	(3234	
(2913-3680)	mcIU-min/mL).
Conclusion: Hyperglycaemia	is	prevalent	during	paediatric	CF	exacerbations;	 it	ap-
pears to improve with exacerbation treatment but to worsen later in association with 
decreased insulin secretion.
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1  | INTRODUC TION

Up	to	25%	of	cystic	fibrosis	(CF)	patients	fail	to	recover	to	their	base-
line lung function after a pulmonary exacerbation,1 and recurrent 
pulmonary exacerbations are a risk factor for lung function decline 
and mortality.2,3 Identifying factors that contribute to failure to re-
cover is critical for designing better treatment for exacerbations. 
Hyperglycaemia	is	a	potentially	modifiable	factor.

CF-related	diabetes	(CFRD)	development	is	associated	with	worse	
lung disease and accelerated lung function decline,4 and insulin therapy 
can improve that decline.5 In a retrospective study, poor glycemic con-
trol during exacerbations in children with CFRD was associated with 
poorer FEV1 recovery,6 suggesting that untreated hyperglycaemia can 
affect recovery from exacerbations. Two small studies in CF patients 
without diabetes reported contradicting results, with one study find-
ing that patients exhibit diabetic glucose tolerance during exacerba-
tions that returns to normal with recovery7 and the other finding little 
difference in glucose tolerance status during exacerbations compared 
to clinical stability.8 Furthermore, the mechanism underlying hypergly-
caemia	during	exacerbations	and	the	longer-term	changes	in	glucose	
tolerance following exacerbations have not been investigated.

We aimed to estimate the prevalence and severity of hypergly-
caemia during pulmonary exacerbations in paediatric CF patients 
not on insulin, to determine whether hyperglycaemia improved at 
the end of exacerbation treatment and whether it remained stable 
after return to baseline respiratory status. We also aimed to evalu-
ate the mechanism of hyperglycaemia by estimating insulin secretion 
and sensitivity during and postexacerbation.

2  | METHODS

We	recruited	CF	patients	aged	10-21	years	hospitalized	at	Seattle	
Children's	 Hospital	 for	 management	 of	 a	 pulmonary	 exacerbation	
(ie new or increased respiratory symptoms or signs treated with 
intravenous	(IV)	antibiotics)	between	2016	and	2019.	We	excluded	
patients if they were on insulin, pregnant or had a history of lung 
transplantation. A prior diagnosis of diabetes or abnormal oral glu-
cose tolerance test (OGTT) was not an exclusion criterion.

Eligible patients participated in 3 study visits. The first, within 
72	hours	of	admission,	included	an	OGTT	and	48	hours	continuous	
glucose	 monitoring	 (CGM).	 The	 second	 visit	 occurred	 at	 14	 (± 2) 
days from visit 1 and the third as outpatient when at baseline health 
status (ie no treatment with systemic antibiotics in the previous 
6 weeks and symptoms at baseline per participant report), 6 weeks 
to	12	months	after	visit	1;	both	included	an	OGTT.	Historical	data,	
including OGTT results during the preceding two years, were ab-
stracted from the medical record.

With each OGTT, specimens were collected for blood glucose 
and insulin at baseline, 30, 60 and 120 minutes after ingestion of an 
oral	glucose	solution	(1.75	g/kg	up	to	75	g).	Glucose	and	insulin	assays	
were	performed	at	the	Seattle	Children's	Hospital	clinical	laboratory.	

Glucose was measured by Vitros 4600 colorimetric method with an 
intra-assay	variability	of	0.67%,	 inter-assay	variability	of	0.8%	and	
limit of quantification of 20 mg/dL. Insulin was measured by che-
miluminescence	on	a	Siemens	 Immulite	2000	XPI	with	 intra-assay	
variability	of	5.5%,	inter-assay	variability	of	7.3%	and	limit	of	quanti-
fication of 2 mcIU/mL.

Hyperglycaemia	 on	 OGTT	 was	 defined	 according	 to	 the	 2003	
American Diabetes Association criteria9 and included diabetes (fasting 
glucose >	125	and/or	2-hour	glucose	>	199),	abnormal	OGTT	(fasting	
glucose	between	100-125	and/or	2-hour	glucose	between	140-199),	
or	indeterminate	glycemia	(mid-OGTT	glucose	> 200). Insulin sensi-
tivity was calculated as 1/fasting insulin.10	Early-phase	insulin	secre-
tion	was	calculated	as	∆insulin	0-30min/∆glucose	0-30min.11

CGM	 was	 performed	 using	 I-pro2	 (Medtronics)	 for	 48	 hours	
during	the	first	72	hours	of	admission.	Hyperglycaemia	on	CGM	was	
defined by glucose > 140 mg/dL for >	4.5%	of	time.12	Severity	was	
evaluated by time spent over 140 and over 200 mg/dL.

2.1 | Statistical analysis

Baseline	 clinical	 and	 demographic	 data	 are	 summarized	 descrip-
tively. Total area under the curve (AUC) was calculated for OGTT 
glucose	and	 insulin	using	the	trapezoidal	method	for	patients	with	
data at each data point (fasting, 30, 60 and 120 minutes).

Box	 plots	 were	 plotted	 to	 show	 changes	 in	 2-hour	 glucose,	
1-hour	glucose,	glucose	AUC	and	 insulin	AUC	by	visit.	Line	graphs	
were	plotted	to	show	changes	in	2-hour	glucose	and	1-hour	glucose	
by visit.

Within-subject	 comparisons	 of	 glucose	 AUC	 and	 insulin	 AUC	
over time (baseline to visit 2, visit 2 to visit 3, and baseline to visit 
3) were made using Wilcoxon signed rank tests. Given the small 
sample	 size,	 we	 limited	 these	 comparisons	 to	 two	 key	metrics	 to	
minimize	multiple	comparisons;	these	results	should	be	considered	
exploratory.

3  | RESULTS

Nine	 patients	 completed	 visit	 1.	 One	 patient	 was	 excluded	 after	
visit 1 as insulin was started for significant hyperglycaemia. Eight 
patients	completed	visit	2,	and	7	completed	visit	3.	Table	1	shows	
the baseline characteristics of the participants.

Before	enrolling	 in	 the	study,	8/9	patients	had	hyperglycaemia	
on historical OGTT (2 diabetes and 6 abnormal OGTT) and 1 patient 
had	a	normal	OGTT.	At	visit	1,	8/9	patients	had	hyperglycaemia	(2	
diabetes	and	6	abnormal	OGTT).	At	visit	2,	5/8	had	hyperglycaemia	
(all abnormal OGTT, no diabetes). At visit 3, (median (IQR) time since 
visit	1,	4.9	(3.8-6.3)	months),	5/7	had	hyperglycaemia	(2	diabetes	and	
3 abnormal OGTT).

OGTT	 results	 are	 presented	 in	 Table	 2	 and	 Figures	 1-3.	 The	
1-hour	and	2-hour	glucose	and	the	glucose	AUC	appeared	lower	at	
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visit 2 compared to visit 1 but increased at visit 3. Insulin sensitivity 
appeared higher while insulin secretion and insulin AUC appeared 
lower at visit 3 compared to visits 1 and 2.

Mean	 (SD)	 CGM	 duration	 was	 44.1	 (11.6)	 hours,	 mean	 av-
erage	 glucose	 was	 124.7	 mg/dL	 (24.8),	 mean	 peak	 glucose	 was	
243.9	 mg/dL	 (65.9),	 and	 mean	 glucose	 SD	 was	 41	 mg/dL	 (23.4).	

Mean	time	spent	>	140	mg/dL	was	25.3%	(16.9),	and	median	(IQR)	
time spent >	200	mg/dL	was	4%	(1-9).	Hyperglycaemia	was	mostly	
postprandial	 in	 those	who	showed	hyperglycaemia	on	CGM.	CGM	
showed no hyperglycaemia in the patient with normal OGTT.

Between	visits	2	and	3,	BMI	z-scores	declined	by	mean	(SD)	0.19	
(0.65),	2/7	patients	were	admitted	for	treatment	of	a	pulmonary	ex-
acerbation,	6/7	patients	received	systemic	antibiotics,	and	1	patient	
was on chronic oral steroids (including visit 2 and 3) for allergic bron-
chopulmonary aspergillosis.

4  | DISCUSSION

Our study shows that hyperglycaemia is highly prevalent during pae-
diatric CF pulmonary exacerbations. Furthermore, glucose tolerance 
appeared to improve initially with exacerbation treatment but to 
worsen after the exacerbation, along with decreased insulin secre-
tion. Previous studies of hyperglycaemia in CF pulmonary exacerba-
tions followed patients only up to 6 weeks after the exacerbation.7,8 
By	following	patients	longer,	we	were	able	to	detect	worsening	glu-
cose tolerance after initial improvement. Our study is also the first 
to	 compare	OGTT	 and	CGM	 results	 in	 the	 inpatient	 exacerbation	
setting.	We	found	that	CGM	was	feasible	and	reliable	to	detect	hy-
perglycaemia compared to OGTT, suggesting that it may be useful in 
future studies evaluating hyperglycaemia during CF exacerbations.

Hyperglycaemia	 may	 impair	 recovery	 of	 lung	 health	 through	
both local and systemic effects. Increased airway glucose concentra-
tions promote bacterial growth and impair innate immune function 
in animal models.13,14	Systemic	hyperglycaemia	reduces	neutrophil	
phagocytosis and chemokinesis.15	 In	 critically	 ill	 non-CF	 patients,	

TA B L E  1  Baseline	demographic	and	clinical	characteristics	of	
the study cohort (N =	9)

Characteristic

Age (years)a  16.1 (2.1)

Gender	(%	female) 7	(77.8%)

Genotype	(F508	del	homozygous) 7	(77.8%)

Pancreatic insufficiency 9	(100%)

BMI	Z-scorea  -0.48	(1.46)

Systemic	steroid	use 1	(11.1%)

FEV1%	at	admissionb  89	(82-90)

Best	FEV1%	in	the	12	months	priorb  107	(82-114)

Currently taking CFTR modulators 5	(55.6%)

Number	of	exacerbations	in	the	2	years	prior

0 1	(11.1%)

1 3	(33.3%)

2 2	(22.2%)

3 or more 3	(33.3%)

Most	recent	OGTT	2-hour	glucose	(in	2	years	prior)	
(mg/dL)a 

158.3	(51.1)

aMean	(SD).	
bMedian	(IQR).	

Visit 1
N = 9a 

Visit 2
N = 8

Visit 3
N = 7

Fasting glucose (mg/dL)b  91.6	(7.9) 91.9	(7.6) 89.1	(6.9)

1-hour	glucose	(mg/dL)b  212.9	(28.6) 176.9	(27.8) 213.2	(30.5)

2-hour	glucose	(mg/dL)b  175.8	(42.3) 146.3	(31.9) 176.9	(51.7)

Glucose	AUC	(mg-min/
dL)b,d 

20	957	(2388) 18	296	(2551) 21	423	(2956)

Insulin sensitivity mcIU/
mL-1b

0.12	(0.11	-	0.20) 0.13	(0.05-0.42) 0.32	(0.07-0.50)

Insulin secretionb 	(mcIU/
mL)/( mg/dL)

0.39	(0.27-0.56) 0.39	(0.34-0.60) 0.23	(0.15)

Insulin	AUC	(mcIU-min/
mL)c,d 

5877	(3882-9101) 5449	(3321-8123) 3234	(2913-3680)

aGlucose and insulin AUC could not be calculated for two patients at visit 1 and one patient at visit 
3	due	to	missing	30-	and/or	60-minute	blood	draws	
bMean	(SD)	
cMedian	(IQR)	
dWithin-subject	comparison	using	Wilcoxon	signed	rank	tests.	Glucose	AUC—visit	1	vs.	visit	2:	
P =	.078;	visit	2	vs.	visit	3:	P = .062; visit 1 vs. visit 3: P >	.99.	Insulin	AUC—visit	1	vs.	visit	2:	P = .68; 
visit 2 vs. visit 3: P = .03; visit 1 vs. visit 3: P = .03. 

TA B L E  2   Oral glucose tolerance test 
results
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treating hyperglycaemia results in significant decreases in morbid-
ity	and	acquired	infections	during	the	hospitalization.16 The current 
CF Foundation guidelines recommend treating hyperglycaemia only 
if it persists after the first 48 hours of the exacerbation17 even in 
patients with a history of an abnormal OGTT. This approach may 
be missing an important window in which treating hyperglycaemia 
could potentially enhance and speed response to exacerbation treat-
ment. Ultimately, our goal is to study whether insulin initiation upon 
admission in CF patients with hyperglycaemia can improve recovery 
from the exacerbation.

Hyperglycaemia	 appeared	 to	 improve	 after	 IV	 antibiotic	
treatment, which could be explained by reduced inflammation. 
Inflammation can exacerbate hyperglycaemia by increasing insulin 
resistance18 and decreasing insulin secretion.19 These measures did 
not appear to differ between visits 1 and 2, which could be due to 
the	 small	 sample	 size	 and	 the	need	 for	more	 rigorous	methods	of	
measurement.

Glucose tolerance appeared to worsen at visit 3, when patients 
had returned to their baseline respiratory status, in association with 

decreased insulin secretion. Glucose tolerance at visit 3 appeared 
worse	than	historical	baseline	prior	to	the	exacerbation.	Most	of	our	
patients had pulmonary exacerbations between visits 2 and 3 requir-
ing	oral	or	IV	antibiotics.	It	is	possible	that	exacerbation-associated	
inflammation has an acute damaging effect on the beta cells, hasten-
ing a decline in insulin secretion ability. It is also possible that acute 
untreated hyperglycaemia during exacerbations has a toxic effect 
on beta cells, furthering the damage caused by inflammation. These 
results suggest that hyperglycaemia during exacerbations could be a 
risk factor for worsening glucose tolerance within the following year 
and treating it could potentially slow the decline in beta cell function.

Alternatively, worsening glucose tolerance could in turn be a risk 
factor	 for	pulmonary	exacerbations.	Most	of	our	patients	had	un-
treated abnormal or diabetic OGTTs prior to enrolling in the study 
that seemed to worsen at the end of the study. These patients also 
had frequent pulmonary exacerbations during the study. Whether 
treating abnormal OGTT can reduce exacerbation risk is not known, 
and prospective studies of insulin treatment are needed to address 
this question.

F I G U R E  1  A	and	B,	Distribution	of	2-hour	glucose:	prior	to	exacerbations,	at	baseline,	2	weeks	and	outpatient	follow-up

F I G U R E  2  A	and	B,	Distribution	of	1-hour	glucose:	at	baseline,	2	weeks	and	outpatient	follow-up
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CGM	has	been	used	to	diagnose	hyperglycaemia	in	CF	patients	
when	 well,	 and	 CGM-guided	 insulin	 therapy	 has	 been	 shown	 to	
improve clinical outcomes in CFRD.20	 In	 our	 study,	 CGM	 reliably	
identified hyperglycaemia and could potentially help guide insulin 
treatment during exacerbations.

The	limitations	of	the	study	include	the	small	sample	size.	Larger	
studies are needed to provide a more precise estimate of the preva-
lence of hyperglycaemia during CF exacerbations and its association 
with	lung	function	and	beta-cell	function	decline.	We	included	pa-
tients with abnormal or diabetic OGTT and on steroids in our study 
because our objective was to study the prevalence of hyperglycae-
mia during exacerbations in CF patients not on insulin, regardless of 
its aetiology. There was an expectedly large time window between 
visits	 2	 and	 3	 (6	 weeks-12	months),	 inviting	 undesired	 variability.	
Scheduling	visit	3	at	baseline	health	 status	was	challenging	as	 the	
participants	had	frequent	exacerbations	(6/7	patients	received	sys-
temic antibiotics between visits 2 and 3). Lastly, OGTT results can 
be variable in CF patients over time21 and OGTT measures can be 
variable compared with intravenous testing.22 The insulin secretion 
measure	 that	we	used	 (∆I	0-30/∆G	0-30)	 is	not	 thorough	as	 it	 in-
cludes	only	two	 insulin	measurements.	However,	 this	measure	has	
been validated in CF patients and found to have a good correlation 
with measures obtained from IV glucose tolerance testing.11 The in-
sulin sensitivity measure we used (1/fasting insulin) has also been 
validated	in	non-CF	patients	and	found	to	correlate	well	with	insulin	
sensitivity measured via glucose clamps.10 The use of more rigorous 
methods of measurement such as IV glucose tolerance testing or glu-
cose	clamps	is	not	feasible	in	sick,	hospitalized	patients.

In summary, we found that hyperglycaemia is prevalent during 
CF exacerbations, appears to improve with exacerbation treatment 
but to recur later in association with a decrease in insulin secretion. 
CGM	 reliably	 identified	 hyperglycaemia	 during	 CF	 exacerbations	
and could be used to guide its treatment. Future studies will eval-
uate the role of insulin treatment during pulmonary exacerbations.
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