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Abstract

Background: Glycemic variability (GV) has only been sparsely studied in patients with community-acquired pneu-
monia (CAP). This study aimed to quantify in-hospital GV in CAP patients, including determining the impact of type 2
diabetes mellitus (T2DM) and glucocorticoid (GC) treatment on GV.

Methods: This is a prospective cohort study of CAP patients (N =40) with or without T2DM and treated or not with
GCs. The primary endpoint was GV measured as glucose standard deviation (SD), coefficient of variation (CV), and
postprandial glucose excursions (PPGE) based on continuous glucose monitoring (CGM). Analysis of glucose data was
splitinto daytime and nighttime when possible.

Results: Patients included had a mean age of 74 (range 55 to 91) years. SD (95%Cl) increased by a factor of 1.93 (1.40
t0 2.66) and 2.29 (1.38 to 3.81) in patients with T2DM and not treated with GCs during the daytime and the nighttime,
respectively (both P<0.01), and by a factor of 1.42 (1.04 to 1.97) in patients treated with GCs but without T2DM during
the daytime (P=0.031) compared to patients without T2DM and not treated with GCs. CV (95%Cl) increased by 5.1
(0.0to 10.1) and 8.1 (1.0 to 15.2) percentage points during the daytime and the nighttime, respectively, in patients
with T2DM and not treated with GCs compared to patients without T2DM and not treated with GCs (P=0.046 and
P=0.026, respectively). PPGE (95% Cl) increased during lunch by 2.5 (0.7 to 4.3) mmol/L (45 (13 to 77) mg/dL) in
patients with T2DM and treated with GCs compared to patients without T2DM and not treated with GCs (P=0.018).

Conclusions: CAP patients receiving GCs, especially those with T2DM, are at great risk of developing high GV and
therefore require clinical attention to mitigate GV. This applies particularly during the daytime. Results support the 1 to
2-h post-lunch screening procedure for glucocorticoid-induced hyperglycemia in patients without diabetes. SD was
positively correlated with hospital length of stay.

Keywords: Chronic obstructive pulmonary disease, Community-acquired pneumonia, Continuous glucose
monitoring, Diabetes mellitus, Glucocorticoid-induced hyperglycemia, Glycemic variability, Length of stay

Introduction

Worldwide, community-acquired pneumonia (CAP)
is a leading course of death and morbidity [1]. In Den-
mark, a 30-day mortality rate of 11% has been reported
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mellitus type 2 (T2DM) [3]. Hospitalized CAP patients
with hyperglycemia at admission have an increased risk
of mortality and intensive care unit admission com-
pared to patients with normoglycemia [4]. Glycemic
dysregulation in hospitalized patients is multifactorial
and related to the acute stress response (i.e., disease
severity), diabetes status, and treatment modalities
known to induce hyperglycemia, for example exoge-
nous glucocorticoids (GCs) [5].

Chronic obstructive pulmonary disease (COPD) is
common among CAP patients. Currently, treatment with
systemic GCs is the standard of care for CAP patients
with COPD in acute exacerbation and decreases the
length of stay (LOS), time to clinical stability, and mortal-
ity [6]. However, GCs may cause glucocorticoid-induced
hyperglycemia (GIH) and increased glycemic variability
(GV) which could potentially counteract the beneficial
effects of GCs. The explanation for the adverse effects of
hyperglycemia in CAP patients such as increased mortal-
ity, increased LOS and other in-hospital complications
could represent an effect of hyperglycemia per se [7],
but GV could be involved too [8]. High short-term GV is
associated with increased LOS and mortality in critically
ill patients [9] and in non-critically ill patients independ-
ent of admission diagnosis [10]. High GV also increases
superoxide production, oxidative stress, endothelial dys-
function, and inflammatory cytokine overproduction
and increases the risk of hypoglycemia which increases
inflammatory cytokine levels, platelet activation and
endothelial dysfunction [8].

In the few published studies about GV in CAP patients,
authors reported an association between high GV and
increased LOS [11], while others did not [12]. However,
blood glucose was measured only two to four times per
day on average and not necessarily on consecutive days.
A more precise quantification of GV using continuous
glucose monitoring (CGM), which provides informa-
tion about glucose trajectories with intervals of five min-
utes, may therefore prove to be a more adequate tool for
assessment of GV than standard point-of-care (POC)
blood glucose testing. As standard measurements of GV,
an international CGM consensus report recommends
registration and reporting of the variation around the
mean blood glucose, i.e. standard deviation (SD) and
SD relative to the mean glucose level as a percentage,
i.e. coefficient of variation (CV) [13]. Postprandial glu-
cose excursion (PPGE) is also a measurement of GV and
is especially relevant in patients treated with GCs since
GCs are assumed to cause postprandial hyperglycemia
[14]. This study aimed to investigate to what extent GV,
measured as SD, CV, and PPGE, is influenced by both
treatment with GCs and a diagnosis of T2DM in patients
hospitalized with CAP by use of CGM.
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Method and materials

Study population

We identified CAP patients with or without T2DM and
treated or not with GCs hospitalized at Copenhagen
University Hospital — North Zealand, Denmark between
February 2021 and June 2021.

We constructed four equal-sized groups of patients,
all with CAP (N=40): Group 1: CAP, group 2: CAP and
GC treatment, group 3: CAP and T2DM, and group
4: CAP, GC treatment, and T2DM. Diabetes diagnosis
was obtained through patients’ journals. To limit con-
founding, patients were matched by age and gender, and
HbAlc was measured for all patients to avoid undiag-
nosed diabetes in groups 1 and 2. Acute exacerbation of
COPD ended up being the only reason for GC treatment
in this study. The GC regimen followed regional standard
care with IV methylprednisolone (Solu-Medrol®) 40 mg
followed by four days of oral prednisolone 37.5 mg per
day.

Inclusion and exclusion criteria
Patients who met the following criteria were eligible for
inclusion: Age>18 vyears, radiologically verified pneu-
monia and at least one symptom and/or clinical signs of
pneumonia (i.e. cough, chest pain, dyspnoea, tempera-
ture > 38.0 °C or < 35.0 °C, pathological auscultation) and
informed written consent.

The exclusion criteria were COVID-19, incapacitation,
known hypersensitivity to the band-aid of the glucose
sensor, parenteral nutrition, and pancreatic disorders.

Data collection

Continuous glucose monitoring was performed using
iPro2® as the recorder and an Enlite® glucose sensor
(Medtronic, Northridge, CA). The CGM system was
inserted in the abdominal area according to the manufac-
turer’s guidelines. Recordings by CGM were fully blinded
during hospitalization and therefore not used for in-
hospital diabetes management. Standard POC capillary
blood glucose measurements were performed by ward
glucometers FreeStyle Precision Pro® (Abbot, Berkshire,
UK) three times daily before main meals (7:00 AM, 12:00
AM, and 5:00 PM) to calibrate the CGMs. CGM data
were collected from study enrollment until discharge. At
least 24 h of CGM data were required to be included in
the analyses.

At baseline, we collected clinical data (age, gender,
comorbidities, CURB-65 score as a measurement of
severity of CAP, early warning score, Charlson comorbid-
ity index, and medications before admission) and stand-
ard blood work (hemoglobin Alc (HbAlc)). For the two
groups receiving GCs, CGM data were analyzed only
during GC exposure which was defined as the period
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between the first GC dose and 24 h (six half-lives for
prednisolone) after GCs were stopped. Meal registration
(timing and percentage of the amount of meal consumed

at breakfast, lunch, and dinner) made it possible to calcu-
late PPGE.

Primary outcomes

GV was evaluated as SD of all CGM-glucose values, CV
of all CGM-glucose values, and PPGE. PPGE was defined
as the difference between the blood glucose level before
meal start and the highest blood glucose level within
two hours after meal start [15]. SD and CV represent the
overall amplitude of GV, while PPGE characterizes GV in
relation to meals. CV is less influenced by fluctuations in
mean glucose level and HbAlc compared to SD [16] but
should otherwise be interpreted in the same way. Only
meals with an intake of at least 25% of the plate were
included in these calculations.

Secondary outcomes

We assessed the percentage of time of CGM-glucose
values spent in Time In Range (TIR) (3.9-10.0 mmol/L
or 70-180 mg/dL), Time Above Range (TAR)
(>10.0 mmol/L or>180 mg/dL), Time Below Range
(TBR) (<3.9 mmol/L or<70 mg/dL) and mean glucose
level (mmol/L and mg/dL). We also report the glycemic
gap defined as the difference between the HbAlc-derived
average glucose level [17] before admission and the mean
glucose level during hospitalization (mmol/L).

Statistical analysis

Data analyses were split into daytime from 07:00:00
AM to 10:59:59 PM and nighttime from 11:00:00 PM
to 06:59:59 AM when relevant. Categorical variables
were compared between the four groups with Pearson’s
chi-squared test. ANOVA for normally distributed data
and Kruskal-Wallis test for skewed data were applied to
assess differences in continuous variables.

A linear regression analysis was done to assess the
effect of T2DM and GCs (explanatory variables) and a
possible interaction between T2DM and GCs on primary
and secondary outcomes (dependent variables). The SD
variable was logarithmically transformed. For repeated
measurements (of PPGE, insulin dose, and food intake),
a linear mixed model was used to determine the effect
of T2DM and GCs on the outcome PPGE and for deter-
mining any statistical difference among groups regard-
ing food intake and IE of insulin per day in Table 1. For
the TAR and TBR outcomes, a zero adjusted Gamma
distribution [18] was used to accommodate the positiv-
ity and exact zero in the outcomes. Post hoc analyses
were performed for all outcomes, adding HbAlc, BMI,
and CURB-65 as explanatory variables. To analyze an
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association between GV and LOS we did a post hoc lin-
ear regression analysis and included SD and CV of all
CGM-glucose values during the daytime and the night-
time (Model 1 and Model 2, respectively), T2DM status
(yes/no), GC status (yes/no) and Charlson comorbidity
index as explanatory variables. LOS per patient was reg-
istered as days, hours, and minutes and was considered
as a continuous variable. The LOS variable was logarith-
mically transformed. Figure 1 depicts the predicted (by
Model 1) LOS for Groups 1 to 4. To make Fig. 1 by use
of Model 1, we used the group characteristics as input to
Model 1, i.e. T2DM status (yes/no) and GC status (yes/
no), and for continuous variables, we used the means for
Groups 1 to 4 as inputs.

The CGM sensors used in this study has an upper
detection limit for glucose levels of 22.2 mmol/L (400 mg/
dL). Therefore, right-censored glucose values were esti-
mated using a validated imputation model developed
previously by authors [19]. A two-sided P-value <0.05
was considered statistically significant for all analyses.

Setting

This study is part of a large Danish prospective obser-
vational cohort study named Surviving Pneumonia
conducted at Copenhagen University Hospital of Copen-
hagen — North Zealand, Denmark. Surviving Pneumo-
nia represents a multipronged initiative to improve and
personalize the in-hospital management of patients with
CAP.

Results

Baseline characteristics (Table 1)

We enrolled 40 patients who were on average 74 (range
55 to 91) years old. Matching was successful among
groups (data for food intake not shown). However, inclu-
sion time was lower for group 2 compared to group 1
(P=0.014), and acetaminophen intake differed from
expected values in groups 1 and 4 (both P<0.01).

Primary outcomes (Table 2): measurements of GV
In the following, (+) and (-) denotes the presence or not,
respectively, of T2DM or treatment with GCs.

Standard deviation (SD) (95%Cl)

During the daytime, SD for T2DM+GC- patients
increased by a factor of 1.93 (1.40 to 2.66) compared
to T2DM- GC- patients (P<0.001). SD for T2DM-
GC+ patients increased by a factor of 1.42 (1.04 to 1.97)
compared to T2DM- GC- patients (P=0.031). During
the nighttime, SD for T2DM + GC- patients increased by
a factor of 2.29 (1.38 to 3.81) compared to T2DM- GC-
patients (P<0.01). GC+status did not affect SD during
the nighttime per se (P=0.451). There was no statistically



Olsen et al. BMC Pulmonary Medicine (2022) 22:83 Page 4 of 13

Table 1 Demographic and clinical characteristics of 40 hospitalized patients with community-acquired pneumonia with or without
diabetes, treated or not with glucocorticoids

CAP CAP+GC CAP +T2DM CAP+GC+T2DM P-value
n=10 n=10 n=10 n=10
Age (years), mean (SD) 71.2(11.7) 73.5(7.7) 74.9(10.9) 742 (9.5) 0.886
median (range) 715(550t089.0) 745(61.0t085.0) 76.0(60.0t091.0) 75.0 (62.0to 88.0)
Gender, male (%) 50 50 50 50
Comorbidities, (yes), n (%)
Pulmonary disease, without COPD 1(10) 1(10) 0(0) 1(10) 0.782
Chronic obstructive pulmonary disease (COPD) 4 (40) 10 (100) 1(10) 10 (100)
Hypertension 5(50) 7 (70) 9 (90) 7 (70) 0.283
Cardiovascular disease 5(50) 6 (60) 4 (40) 6 (60) 0.776
Diabetic complications 5(50) 8(80) 0.350*
Macrovascular disease 5 (50) 7 (70) 0.650*
Microvascular disease 2(20) 3(30) 1.000%
Arthritis 3(30) 7 (70) 3(30) 2 (20) 0.098
Cancer 3(30) 2 (20) 1(10) 2 (20) 0.741
Other diseases 5 (50) 7 (70) 6 (60) 8 (80) 0.532
CURB-65 score, n (%) 0.225
0to 1 (mild) 7(70) 6 (60) 4 (40) 8 (80)
2 (moderate) 3(30) 3(30) 5 (50) 2 (20)
>3(severe) 0(0) 1(10) 1(10) 0(0)
Early warning score, mean (SD) 39(3.3) 40(1.9) 35(2.8) 55(2.0) 0.251
median (range) 450to9) 45(0to6) 3(0to10) 52to8)
Charlson comorbidity index, n (%) -
1to 2 (mild) 2 (20) 0(0) 0(0) 0(0)
3 to 4 (moderate) 3(30) 1(10) 0(0) 0(0)
> 5 (severe) 5(50) 9 (90) 10 (100) 10 (100)
Main laboratory findings
HbA1c at admission (mmol/mol), mean (SD) 36.7 (5.0) 376(4.7) 519(9.) 539(13.3) -
median (range) 37 (3110 48) 38 (29t0 43) 50 (42 to 70) 48.5 (45 to 83)
Antidiabetic medications (yes), n (%)
Antidiabetics at admission 7 (70) 8 (80) 0.606*
Insulin at admission 4 (40) 4 (40) 1.000%
Non-insulin therapy at admission 5(50) (60) 0.653*
IE of insulin per day during hospitalization (IE/day), mean (SD) 0 (0) 0(0) 4.7 (6.6) 7(11.6) 0.102*
median (range) 0(0to0) 0(0to0) 1.5(0.0to0 22.7) .1(0.0t043.3)
In hospital characteristics
Inclusion time in study (days), mean (SD) 9 (2.5) 23(0.8) 5(1.5) 3.8(14) 0.014
median (range) 7(1.9t0 10.1) 23(1.1t03.8) 2(1.91t07.0) 39(1.2t06.0)
Length of stay (days), mean (SD) .8 (4.0) 44 (20) 0 (2.3) 7729 0.085
median (range) 53(2,8to16AO) 47 (20t08.0) 4(20to114) 87(19t0114)
Need for respiratory support (yes), n (%) 1(10) 3(30) 2 (20) 3(30) 0.665
Need for intensive care (yes), n (%) 0(0) 0(0) 0(0) 1(10) 0.380
Defect sensor time (hours), mean (SD) 0(0) 3.06(8.7) 0(0) 0(0) 0.104
median (range) 0(0to0) 0.0(0to 24) 0(0to0) 0(0to0)
Acetaminophen intake (yes), n (%) 10 (100) 6 (60) 6 (60) 1(10) 0.001
GC before admission (yes), n (%) 1(10) 3(30) 2 (20) 3(30) 0.665

Bold values denote statistical significance at the P <0.05 level. The range is from minimum to maximum
CAP, community-acquired pneumonia; GC, glucocorticoid intake; T2DM, type 2 diabetes mellitus; IE, International Units

*Comparisons made only for patients with T2DM
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Length of stay (predicted days)

T2DM- GC- T2DM- GC+
Group 1 Group 2

T2DM+ GC- T2DM+ GC+
Group 3 Group 4

Fig. 1 Prediction of length of stay at group levels. Dots depict the predicted (Model 1) length of stay for Groups 1 to 4. Lines depict the 95% Cl

significant interaction between GC treatment and T2DM
on SD during the daytime or the nighttime (P=0.717 and
P=0.790, respectively).

Coefficient of variation (CV) (95% Cl)

During the daytime, CV of T2DM-+GC- patients
increased by 5.1 (0.0 to 10.1) percentage points com-
pared to T2DM- GC- patients (P=0.046). During the
nighttime, CV for T2DM 4 GC- patients increased by 8.1
(1.0 to 15.2) percentage points compared to T2DM- GC-
patients (P=0.026). CV for T2DM- GC + patients were
not statistically different from T2DM- GC- patients dur-
ing the daytime or the nighttime (P=0.721 and P=0.887,
respectively). There was no interaction between T2DM
and GC treatment during the daytime or the nighttime
on CV (P=0.805 and P=0.444, respectively).

Postprandial glucose excursions (PPGE) (95% Cl)

PPGE increased by 1.5 (0.4 to 2.7) mmol/L (27 (7 to 49)
mg/dL) at breakfast for T2DM + GC- patients compared
to T2DM- GC- patients (P=0.018). Treatment with GCs
was not associated with a significant change in PPGE
at all meals. However, at lunch, an interaction between
T2DM+and GC+status was found (meaning that
the effect of GCs depended on diabetes status) with an
increase in postprandial glucose level of 2.5 (0.7 to 4.3)

mmol/L (45 (13 to 77) mg/dL) in T2DM + GC + patients
compared to T2DM- GC- patients (P=0.018).

Secondary outcomes (Table 2)

Time in range (TIR) (95% Cl)

During the daytime, TIR for T2DM+ GC- patients was 27
(44 to 9) percentage points lower compared to T2DM- GC-
patients (P<0.01) while GC+status did not affect TIR per se.
There was an interaction between GC+and T2DM +sta-
tus with a decrease by 31 (56 to 6) percentage points for
T2DM+ GC+ patients compared to T2DM- GC- patients
(P=0.017). During the nighttime, T2DM+and GC+-sta-
tus did not affect TIR per se but an interaction between
GC+and T2DM + status was observed (P=0.032).

Time above range (TAR) (95%Cl)

During the daytime, TAR increased by a factor of 14.19
(6.09 to 33.06) for T2DM+ GC- patients and a fac-
tor of 7.57 (3.25 to 17.64) for T2DM- CG + patients
compared to T2DM- GC- patients (both P<0.001).
During the nighttime, TAR for T2DM + GC- and T2DM-
GC+ patients increased by a factor of 40 compared to
T2DM- GC- patients (both P<0.01). Interaction between
T2DM +and GC + status for the daytime and the night-
time changed TAR by a factor of 0.27 (0.09 to 0.80) and
0.07 (0.01 to 0.74), respectively, compared to T2DM-
GC- patients (P=0.023 and P =0.034, respectively).
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Table 2 Primary (SD, CV and PPGE) and secondary outcomes (TIR, TAR, TBR, mean glucose level and glycemic gap) for 40 patients
hospitalized for community-acquired pneumonia

Parameter Daytime Parameter Nighttime
B (95% Cl) P B (95% CI) P
Relative change in standard deviation (SD) of all CGM-
glucose values per change in explanatory variables
Intercept 1.16 (0.92 to 1.46) Intercept 0.71(0.50to 1.02)
T2DM =yes 1.93 (1.40 to 2.66) <0.001 T2DM =yes 229(1.38t03.81) 0.002
GC=yes 142 (1.04t01.97) 0.031 GC=yes 1(0.73t02.01) 0451
T2DM-GC=yes 1.09 (0.69to 1.71) 0.717 T2DM-GC=yes 091 (044 t0 1.86) 0.790
Parameter Daytime Parameter Nighttime
B (95% CI) P B (95% CI) P
Absolute change in coefficient of variation (CV) in per-
centage points per change in explanatory variables
Intercept 20.3(16.7 10 23.8) Intercept 0(10.01020.0)
T2DM =yes (OOto 10.1) 0.046 T2DM =yes 1(1.0t015.2) 0.026
GC=yes 9(—4.1t05.9) 0.721 GC=yes 5(—6.6t076) 0.887
T2DM-GC=yes 9(—62t079) 0.805 T2DM-GC=yes —38(—138106.2) 0444
Parameter Parameter Lunch Parameter Dinner
P B (95% CI) P B (95% CI) P
Absolute change in post
prandial glycemic excursion
(PPGE) in mmol/L and mg/dL
(at the bottom) per change in
explanatory variables
Intercept Intercept 1.3(06t02.0) Intercept 1.3(03t022)
23 (11 to 36) 23 (510 40)
T2DM =yes 0.018 T2DM=yes —03(=13t00.7) 0602 T2DM=yes 14(—00t028) 0.076
—5(=23t013) 25 (0to 50)
GC=yes 0538 GC=yes 03(=11t01.7) 0671 GC=yes 0.8(—0.81t025) 0.355
5(—20to 31) 14 (— 14 t0 45)
T2DM-GC=vyes —211t015) 0739 T2DM-GC=yes 25(0.7t04.3) 0.018 T2DM-GC=yes —1.1(—34to1. 0332
45(13to 77) —20(—611t020)
Parameter Daytime Parameter Nighttime
B (95% CI) P B (95% CI) P
Absolute change in time in range (TIR) in percentage
points per change in explanatory variables
Intercept 94 (81 to 106) Intercept 88 (73 t0 103)
T2DM =yes —27(—44t0-9) 0.004 T2DM =yes —2(=241019) 0.819
GC=yes —11(=29t06) 0.196 GC=yes 6(—15t027) 0.554
T2DM-GC=yes —31(=56t0—6) 0.017 T2DM-GC=yes —33(=63t0—3) 0.032
Parameter Daytime Parameter Nighttime
B (95% CI) P B (95% CI)
Relative change in time above range (TAR)
per change in explanatory variables
Intercept 2.55(1.26 t0 5.16) Intercept 0.40 (0.06 to 2.64)
T2DM =yes 9 (6.09 to 33.06) <0.001 T2DM =yes 4262 (5.76 t0 315.24) <0.001
GC=yes 7.57 (32510 17.64) <0.001 GC=yes 38.24 (4.33 t0 337.80) 0.002
T2DM-GC=vyes 0.27 (0.09 to 0.80) 0.023 T2DM-GC=yes 0.07 (0.01 to0 0.74) 0.034
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Table 2 (continued)
Parameter Daytime Parameter Nighttime
B (95% CI) P B (95% CI) P
Relative change in time below range (TBR) per
change in explanatory variables
Intercept 7.39(3.98t0 13.72) Intercept
T2DM =yes 0.16 (0.04 t0 0.58) 0.001 T2DM =yes Model is overpara-
metrized
GC=yes 0.21 (0.06 t0 0.78) 0.026 GC=yes
T2DM-GC=yes 2.07 (0.19t0 22.80) 0.556 T2DM-GC=yes
Parameter Daytime B (95% ClI) Parameter Nighttime B (95% Cl)
mmol/L mg/dL P mmol/L mg/dL P
Absolute change in mean glucose level in
mmol/L and mg/dL per change in explanatory
variables
Intercept 0(441t07)5) 8 (7910 135) Intercept 2(39to66) 94(70t0119)
T2DM =yes 0(081t05.2) 54 (1410 94) 0.009 T2DM=yes 4(041t0423) 44 (710 77) 0.018
GC=yes 4(0.1t04.6) 3 (210 83) 0.038 GC=yes 6(=04t034) 29(—=7to61) 0.113
T2DM-GC=yes 5(=07t056) 45(—13t0101)0.120 T2DM-GC=yes 1.2(—15t03.9) 22(—27to70) 0374
Parameter B (95% CI) P
mmol/L mg/dL
Absolute change in glycemic gap in mmol/L and mg/dL per change
in explanatory variables
Intercept 2.1(091t03.2) 8 (16 to 58)
T2DM =yes 09(—0.7t026) ( 13t047) 0.261
GC=yes 1.8(0.2t034) 32(4to61) 0.029
T2DM-GC=yes 13(=1.0t03.6) 23 (—181t065) 0.259

Bold values denote statistical significance at the P < 0.05 level. Each headline for the schemes above specifies how to interpret the coefficients of each scheme which

differs among outcomes due to different statistical approaches

Time below range (TBR) (95%Cl)

During the daytime, TBR was 84 (42 to 96) % lower
for T2DM + GC- patients and 79 (22 to 94) % lower
for T2DM- GC+ patients, compared to T2DM- GC-
patients (P=0.001 and P=0.026, respectively). TBR for
the nighttime is not reported due to overparameteriza-
tion of the model.

Mean glucose level (95%Cl)

During the daytime, mean glucose for T2DM+ GC-
patients increased by 3.0 (0.8 to 5.2) mmol/L (54 (14 to
94) mg/dL) compared to T2DM- GC- patients (P<0.01).
Mean glucose increased by 2.4 (0.1 to 4.6) mmol/L (43
(2 to 83) mg/dL) in T2DM- GC+ patients compared to
T2DM- GC- patients (P=0.038). During the nighttime,
mean glucose level were 2.4 (0.4 to 4.3) mmol/L (44 (7 to
77) mg/dL) higher in T2DM + GC- patients compared to
T2DM- GC- patients (P=0.018).

Glycemic gap (95% Cl)

The glycemic gap increased by 1.8 (0.2 to 3.4) mmol/L
(32 (4 to 61) mg/dL) in T2DM- GC+ patients com-
pared to T2DM- GC- patients (P=0.029).

Post hoc analyses (Table 3)

Adding BMI and HbA1c as risk factors for developing
GIH and the CURB-65 score to the prespecified models
from the primary analysis did not clinically affect the
main conclusions from the primary analysis. However,
BMI was negatively associated with GV (SD and CV)
during the nighttime, and HbA1lc was negatively
associated with TIR during the daytime, and positively
associated with mean glucose level during both the
daytime and the nighttime. The CURB-65 score was
positively associated with PPGE at dinner.

Adding variables differing at baseline to the analyses
did not alter conclusions (data not shown).
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Table 3 Exploratory analyses for primary (SD, CV, PPGE) and secondary (TIR, TAR, TBR, mean glucose level and glycemic gap) outcomes
for 40 patients hospitalized for community-acquired pneumonia

Parameter Daytime Parameter Nighttime
B (95% CI) P B (95% CI) P
Relative change in standard deviation (SD) of all CGM-
glucose values per change in explanatory variables
Intercept 0.91 (042 to 1.96) Intercept 1.73(0.54 t0 5.55)
T2DM =yes 81 (1.32t0249) 0.001 T2DM =yes 2.50 (1.55 t0 4.04) <0.001
GC=yes 143 (1.13to0 1.80) 0.004 GC=yes 8(0.84 to 1.68) 0.330
HbAlc 1.01 (09910 1.02) 0.121 HbAlc 01(0.98to 1.03) 0.640
BMI 0.99 (0.97 to 1.02) 0.536 BMI 0.96 (0.93 t0 0.99) 0.012
CURB-65 1.00 (0.87 t0 1.15) 0.987 CURB-65 0.94 (0.76 t0 1.15) 0.543
Parameter Daytime Parameter Nighttime
B (95% CI) P B (95% CI) P
Absolute change in coefficient of variation (CV) in per-
centage points per change in explanatory variables
Intercept 258 (13410 38.2) Intercept 34.4(18.2to 50.6)
T2DM =yes 8(1.7t011.9) 0.010 T2DM =yes 103 (3.6 t0 16.9) 0.004
GC=yes 4(—23t05.) 0435 GC=yes 705( 54t0423) 0.830
HbA1c 0(=02t00.2) 0938 HbA1c 1(=041t00.2) 0.607
BMI —02( 06t00.1) 0.197 BMI —06(—1 1t0—0.2) 0.006
CURB-65 —03(=25t020) 0.820 CURB-65 —09(—38t020) 0.535
Parameter Breakfast Parameter Lunch Parameter Dinner
B (95% CI) P B (95% Cl) P B (95% CI) P
Absolute change in postprandial glu-
cose excursion (PPGE) in mmol/L and
mg/dL (at the bottom) per change in
explanatory variables
Intercept 45(0.8t08.3) Intercept 03(=4.1t05.0) Intercept —12(=57t034)
81 (14 to 149) 5(—=741t090) —22(—103t061)
T2DM =yes 15(=0.1t03.2) 0101 T2DM=1 —04(—24to16) 0710 T2DM=yes —07(—26t01.3) 0552
27 (—2 10 58) —7(—431029) —13(—471t023)
GC=yes —10(=22t002) 0151 GC=1 22(081t03.7) 0.013 GC=yes —03(=17t01.2) 0730
—18(—40t04) 40 (1410 67) —5(=311022)
HbA1c 0.0(0.0t00.1) 0.722 HbAlc 00(=0.11t00.1) 0.133  HbATc 0.0(00t00.1) 0.291
0(0to2) 0(—1to2) 1(=1t02)
BMI —0.1(=02t000) 0.091 BMI 00(=021t00.1) 0711 BMI 00(=0.1t00.1) 0.868
—2(—4t00) 0(—=3to2) 0(—2to2)
CURB-65 —0.1(=08t006) 0749 CURB—65 0.8(—0.1t01.6) 0133 CURB—65 13(05t02.2) 0.014
—2(—14t011) 14 (=21029) 20 (9to 40)
Parameter Daytime Parameter Nighttime
B (95% CI) P B(95% Cl) P
Absolute change in time in range (TIR) in percentage
points per change in explanatory variables
Intercept 1164 (74.6 to 158.1) Intercept 105.5 (50.7 to 160.2)
T2DM =yes —339(-510t0—16.7) <0.001 T2DM =yes —123(—348t010.2) 0.274
GC=yes —233(—358t0—109) <0.001 GC=yes —8.1(—2441t082) 0.321
HbA1c —O9(—16to 0.2) 0.018 HbA1c —07(=171t002) 0.132
BMI 5(—06t017) 0.372 BMI 0.5(—=1.0t02.0) 0487
CURB —65 4(—30t011.8) 0.231 CURB-65 43(=5410140) 0.371
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Table 3 (continued)
Parameter Daytime Parameter Nighttime

B (95% CI) P B (95% CI) P
Relative change in time above range (TAR) per
change in explanatory variables
Intercept 1.06 (0.12 t0 9.10) Intercept 0.38 (0.02 t0 9.30)
T2DM =yes 424 (21210 848) <0.001 T2DM =yes 3.26 (0.82t0 12.94) 0.103
GC=yes 3.09(1.731t05.53) <0.001 GC=yes 3.00 (0.86 to 10.44) 0.095
HbATc 02 (0.99 to 1.06) 0.162 HbAlc 1.03 (0.98 to 1.08) 0.252
BMI 02 (0.97 t0 1.07) 0.404 BMI 1.04 (0.95 to 1.14) 0.395
CURB-65 04 (0.76 to 1.43) 0.795 CURB-65 1.02 (048t0 1.17) 0.951
Parameter Daytime Parameter Nighttime

B (95% CI) P B(95% Cl) P
Relative change in time below range (TBR) per
change in explanatory variables
Intercept 0.01 (0.00 to 69.10) Intercept 7.43 (0.09 to 602.34)
T2DM =yes 0.05(0.01t0 0.37) 0.006 T2DM=yes 6(0.03t00.89) 0.044
GC=yes 6 (0.05 t0 0.56) 0.007 GC=yes 63 (0.33t07.99) 0.549
HbA1c 1. 17(097 to 1.42) 0.103 HbA1c 03 (0.94t0 1.13) 0475
BMI 1.03(0.90t0 1.18) 0.678 BMI 0.95 (O 84 to0 1.07) 0373
CURB-65 0.92 (0.54 to 1.57) 0.763 CURB-65 7(0.591t02.77) 0.546
Parameter Daytime B (95% Cl) Parameter Nighttime p (95% ClI)

mmol/L mg/dL mmol/L mg/dL P
Absolute change in mean glucose level
in mmol/L per change in explanatory
variables
Intercept —07( 57t044) —13(=103t0 79) Intercept 14(=3.11t059) 25(—56t0106)
T2DM =yes 2(0.1t04.2) 40 (2to 76) 0.042 T2DM=yes 16(—02t03.5) 29(—4t063) 0.084
GC=yes 0(1.5t045) —13(271t081) <0.001 GC=yes 1.8(0.5t03.1) 32 (910 56) 0.011
HbA1c (OOtoOZ) 2(0to4) 0.003 HbA1c 0.1(0.0t00.2) 2(0to4) 0.015
BMI 1(=011t00.2) 2(—2to4) 0495 BMI 00(—01t00.1) 0(=2t02) 0910
CURB-65 —0.1(— O9t008) —2(—16to0 14) 0.904 CURB-65 01(=07t009) 2(—13to0o16) 0814
Parameter B (95% CI) P
mmol/L mg/dL

Absolute change in glycemic gap in mmol/L and mg/dL per change
in explanatory variables
Intercept 1 (—=4.1t04.2) 2(—=741t076)
T2DM =yes 0(0.3t03.7) 36 (5t067) 0.021
GC=yes (1 3t03.8) 45 (23 t0 68) <0.001
HbATc 0(—=0.1t00.0) 0(=2to1) 0.370
BMI 0(=0.1t00.1) 0(=2to2) 0.779
CURB-65 ( 08t00.7) 1(=141013) 0.954
Model 1 (daytime glycemic variability) Model 2 (nighttime glycemic variability)
Parameter B (95% CI) P Parameter B (95% CI) P
Relative change in length of stay (LOS) per
change in explanatory variables
Intercept 5.85 (2.44 t0 14.04) Intercept 4.09 (2.21t0 7.58)
T2DM =yes 0.86 (0.52to0 1.41) 0.542 T2DM =yes 0.93 (0.57 to 1.54) 0.780
GC=yes 0.68 (0.43 to 1.07) 0.091 GC=yes 0.80 (0.51 to 1.25) 0317
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Table 3 (continued)

Model 1 (daytime glycemic variability) Model 2 (nighttime glycemic variability)

Parameter B (95% CI) P Parameter B (95% CI) P
Charl. index 1.06 (0.97 t0 1.16) 0.185 Charl. index 1.05 (0.96 t0 1.16) 0.289
SD daytime 1.28 (1.00to 1.63) 0.049 SD nighttime 1.23(0.81 t0 1.86) 0327
CV daytime 0.97 (04510 1.01) 0.157 CV nighttime 0.99 (0.95 t0 1.03) 0615

Bold values denote statistical significance at the P < 0.05 level. Each headline for the schemes above specifies how to interpret the coefficients of each scheme which

differs among outcomes due to different statistical approaches

BMI, Body Mass Index; Charl. index, Charlson comorbidity index; CURB-65, Community-acquired pneumonia (CAP) severity score; CV, Coefficient of variation; GC,
glucocorticoid intake; HbA1c, Haemoglobin A1c; SD, standard deviation of all glucose values; T2DM, type 2 diabetes mellitus

Length of stay (LOS) (95% Cl)

LOS increased by 28 (0 to 63) % by every unit increase
in SD of all CGM-glucose values during the daytime
(P=0.049).

Discussion

In this study, we found that in-hospital CGM-derived GV
(assessed by SD of all CGM-glucose values) in patients
with CAP was almost doubled in patients with T2DM not
treated with GCs compared to patients without T2DM
not treated with GCs. This applies both during the day-
time and the nighttime. GC treatment per se increased
GV by 42% during the daytime but not during the night-
time. The same pattern did not apply for GV assessed
by CV where only a diagnosis of T2DM (but not GCs)
increased CV. CV is only weakly correlated with mean
glucose compared to SD, which is positively correlated
with mean glucose [16]. This might be the reason why
GCs had no statistically significant effect on CV. In addi-
tion, we found that GC treatment was associated with
increased TAR, decreased TBR, increased mean glucose
level, and a positive glycemic gap. A high and low glyce-
mic gap has been associated with increased long-term
mortality in CAP patients with and without diabetes [20].
Our post hoc analyses revealed that these findings were
only slightly confounded by BMI, HbAlc, and CURB-65
score and not affected by variables differing at baseline.
This indicates that a diagnosis of diabetes and/or treat-
ment with GCs per se are the most notable markers for
the risk of developing glycemic dysregulation in CAP
patients. However, there may be other factors such as
physical activity that might lower GV, which we did not
consider [21]. In addition, COPD in acute exacerbation
could per se be related to stress-hyperglycemia [22].

Two other studies with larger populations of 151 [23]
and 392 [24] CAP patients (diabetes prevalence 15-20%)
receiving GCs showed a higher incidence of hypergly-
cemia compared to CAP patients not treated with GCs.
In these studies, glucose levels were measured by POC
blood glucose testing. Our results support these find-
ings. On the contrary, Torres et al. (N=61) showed no

significant effect of GCs on the incidence of hyperglyce-
mia in CAP patients with or without diabetes [25]. This
is probably because GCs worsen glycemic outcomes in
only a fraction of patients without diabetes, as reviewed
by Patel et al. [26]. We found the greatest glycemic dys-
regulation measured as TIR and PPGE at lunch in CAP
patients with T2DM receiving GCs. This indicates an
effect modification of T2DM on the effect of GCs on gly-
cemic variables, meaning that the glycemic side-effect of
GCs depends on diabetes status. Postprandial hypergly-
cemia [27], i.e. PPGE, has been correlated with increased
long-term mortality in CAP patients, independent of a
diabetes diagnosis. Recent studies have demonstrated a
relationship between low TIR and the presence of dia-
betic complications as well as a correlation between low
TIR and high HbAlc. Goals for patients with type 2 dia-
betes (and type 1) is therefore a TIR>70% [28]. A high
TIR can be obtained by decreasing TAR (or decreasing
TBR) by treatment with glucose-lowering agents, how-
ever, this might increase the risk of hypoglycemia. TIR
recommendations for older and high-risk patients with
diabetes (e.g. patients with diabetes and hypoglycemic
unawareness) should therefore probably be individual-
ized and lowered accordingly [28]. At present, no goal of
TIR during hospitalization has been defined.

We found that high HbAlc, irrespective of a diabetes
diagnosis, was also a marker for in-hospital glycemic dys-
regulation. This finding is consistent with previous litera-
ture, showing that high HbA1lc levels (e.g. patients with
diabetes) are linked to an increased risk of developing
GIH [5] and that glycemic excursion in patients with dia-
betes and treated with GCs due to COPD in acute exac-
erbation are higher than for patients without diabetes
measured by CGM [29].

Treatment with GCs lowers both LOS, time to clini-
cal stability, and mortality in CAP patients [6]. However,
the development of GIH and increased GV may dimin-
ish these beneficial effects [8]. Despite this, treatment
of known and new-onset hyperglycemia and a diagnosis
of pre-existing diabetes are occasionally ignored in the
hospital setting [30]. This is unfortunate since diabetes
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is associated with an increased risk of pneumonia and
COPD [31]. In an international cohort study including
1961 patients with CAP, undiagnosed diabetes was 5%,
while the prevalence of prediabetes was 38%. Patients
with diabetes might suffer from a decrease in pulmo-
nary function [32] and an approximately threefold higher
long-term mortality has been observed in CAP patients
with diabetes compared to patients without diabetes [33].

Whether pharmacologically induced normoglycaemia
and/or low GV is beneficial in the acute stages of CAP
remains controversial [33, 34]. Epidemiological studies
have highlighted the negative effects of high GV in CAP
patients, focusing especially on an increased LOS [10, 11,
35-37] and increased mortality [10, 27, 36]. Our results
support that high GV (measured as SD of all daytime
CGM-glucose values) is positively associated with LOS
(see Model 1 and Fig. 1). This is worrying considering the
ongoing pandemic where GCs are part of the treatment
protocol for patients with COVID-19 [38], which could
potentially induce great glycemic dysregulation espe-
cially in patients with diabetes [19] and prolong LOS and
thereby increase work pressure on already overcrowded
and stressed wards.

Randomized controlled studies of normoglycemia vs.
hyperglycemia on clinical outcomes for patients with
CAP are needed to overcome the problems of unrecog-
nized bias in epidemiological studies.

Our findings add to recommendations that screen-
ing for GIH should be done 1 to 2 h after the intake of
lunch with standard POC capillary blood glucose testing
when prednisolone is administered in the morning [39].
This is probably due to the pharmacokinetics of predni-
solone, which has the maximal hyperglycemic side-effect
8 h after intake [40]. The recommendations are based on
clinical experience and not on prospectively collected
data, except for a few newer studies [29, 41].

Strengths and limitations

This study included a relatively small number of patients
(N=40) distributed on four equal-sized groups, which
potentially makes it difficult to find statistically sig-
nificant differences that may be true (type 2 error). Our
many endpoints increase the risk of finding statistically
significant differences, by chance, that are not true (type
1 error). It is also a limitation that the CGM-time was
only a fraction of the whole hospitalization time (70%),
which means that we lost useful glucose information dur-
ing both the beginning and, to a lesser extent, the end of
the patients’ hospitalization. Matching was not success-
ful regarding acetaminophen intake, which potentially
can interrupt CGM-glucose readings by falsely increasing
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glucose levels [42]. We did not take into account that
some patients received insulin while others did not. How-
ever, the use of corrective insulin was small for patients
with diabetes.

We believe that the prospectively collected data on
each patient is a strength. Compared to earlier stud-
ies, using in-hospital CGM as the primary source of
glucose data is a very powerful method since the inter-
val between measurements is only five minutes. With
CGM, we were able to quantify the glucose-related
variables in CAP patients in a much more accurate way
than previously done by standard POC blood glucose
testing. Furthermore, the use of blinded CGM ensured
objectivity and limited clinical interference during the
study period. The precision of CGM during hospitali-
zation has been verified in previous studies [43] albeit
technical and practical issues when using in-hospital
CGM has also been reported [44].

Conclusions

In the present study, GV and other glycemic outcomes
examined by CGM were studied in a population of hos-
pitalized patients with CAP with or without T2DM and
treated or not with GCs. Our results imply that CAP
patients with T2DM treated with GCs require great
clinical attention due to the increased risk of high GV
(especially during the daytime and after lunch) which
may limit the recovery from pneumonia. CAP patients
without T2DM but treated with GCs were also at risk
of developing glycemic dysregulation but to a lesser
extent. Our results support that high GV is positively
associated with a longer length of stay at the hospital
and provide real-world evidence for the clinical expe-
rience that a screening procedure for GIH should be
done after lunch.
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