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Abstract

Background

Glucocorticoid (GC)-exacerbated hyperglycemia is prevalent in hospitalized patients with
diabetes mellitus (DM) but evidence-based insulin guidelines in inpatient settings are
lacking.

Methods and findings

Retrospective cohort study with capillary blood glucose (CBG) readings and insulin use,
dosed with 50% basal (glargine)-50% bolus (lispro) insulin, analyzed in hospitalized patients
with insulin-treated DM given GC and matched controls without GC (n = 131 pairs). GC
group (median daily prednisone-equivalent dose: 53.36 mg (IQR 30.00, 80.04)) had great-
est CBG differences compared to controls at dinner (254469 vs. 184+63 mg/dL, P<0.001)
and bedtime (260172 vs. 182+55 mg/dL, P<0.001). In GC group, dinner CBG was 30%
higher than lunch (25469 vs. 199+77 mg/dL, P<0.001) when similar lispro to controls given
at lunch. Bedtime CBG not different from dinner when 20% more lispro given at dinner (0.12
units/kg (IQR 0.08, 0.17) vs. 0.10 units/kg (0.06, 0.14), P<0.01). Despite receiving more lis-
pro, bedtime hypoglycemic events were lower in GC group (0.0% vs. 5.9%, P = 0.03).

Conclusions

Since equal bolus doses inadequately treat large dinner and bedtime GC-exacerbated gly-
cemic excursions, initiating higher bolus insulin at lunch and dinner with additional enhanced
GC-specific insulin supplemental scale may be needed as initial insulin doses in setting of
high-dose GC.
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Introduction

Hyperglycemia is associated with increased morbidity and mortality in non-critically ill hospi-
talized patients [1-3]. Similarly, glucocorticoid (GC)-exacerbated hyperglycemia is shown to
increase morbidity, infection rates, and hospital stay [4]. Given the increasing prevalence of
diabetes mellitus (DM) and widespread use of GC for various therapeutic effects in inpatient
settings, establishing an appropriate protocol for treating GC-exacerbated hyperglycemia in
patients with DM becomes imperative to prevent poor clinical outcomes.

Moreover, the recent results of the RECOVERY trial, that showed the effectiveness of high-
dose dexamethasone in patients hospitalized with Covid-19 who required oxygen, have
increased the frequency of use of this medication [5]. As an example, in our institution, the
profuse use of GC for patients with Covid-19 has been causing destabilization of glucose con-
trol and the need for much higher doses of insulin for these patients. Initial data show that the
percentage of patient days with average blood glucose greater than 300 mg/dl more than
doubled.

GC exacerbate hyperglycemia through several mechanisms. GC stimulate hepatic glucose
production and protein catabolism and impair insulin secretion and glucose uptake of the
peripheral tissues. GC effects are most pronounced postprandially with skeletal muscle respon-
sible for 80% of postprandial glucose uptake [6-8]. In small clinical studies, significant GC-
exacerbated postprandial hyperglycemia was confirmed through serial blood glucose monitor-
ing [9], continuous glucose monitoring [10, 11] and the observed higher prandial insulin
requirement for normoglycemia attainment in hospitalized patients with DM on GC [12].
However, GC effects on fasting hyperglycemia are only mild [10, 13, 14].

Despite the importance for controlling GC-exacerbated hyperglycemia in hospitalized
patients with DM [6], underscored by a recent call to action for clinical research on inpatient
GC-exacerbated hyperglycemia management [15], there is scant high-quality evidence or con-
sensus regarding the optimal inpatient insulin regimen [15, 16]. Current proposed evidence-
based approaches include: standard basal-bolus therapy with dexamethasone use [6, 17], stan-
dard basal-bolus therapy with the addition of NPH at the initiation of GC [18, 19] or the addi-
tion of NPH at three fixed times per day with multiple daily short-acting insulin [18], the use
of NPH instead of glargine as the basal therapy [20] with greater proportion of bolus insulin
between midday and midnight with prednisolone use [16], and the tailoring of the type and
timing of insulin used depending on the steroid prescribed [21]. Nevertheless, none of these
regimens has been shown to be superior to the usual care in achieving better overall glucose
control in the inpatient settings.

Not only is the optimal insulin protocol unclear but optimal dosage also remains elusive
[22]. While the Endocrine Society guideline in 2012 [6] recommends insulin initiation at 0.3—
0.5 units/kg/day with GC use, no specific recommendation regarding the breakdown or pro-
portion of basal versus bolus insulin was mentioned. The 2021 American Diabetes Association
Standards of Medical Care [23] also did not provide specific starting insulin dosages, although
increasing prandial and supplemental insulin in addition to basal insulin in higher doses of
GC was suggested. Finally, studies examining dosage requirements to achieve normoglycemia
had small sample sizes, different baseline demographics and degrees of glucose control prior
to hospitalizations [12, 18]; therefore, the optimal doses found in these studies are
ungeneralizable.

Given the high frequency of GC use in hospitals by providers of all specialties, there is a
strong need for a uniform, straightforward, efficacious insulin protocol for all types of GC, ide-
ally based on the basal-bolus regimen most familiar to most providers. Therefore, we aimed to
gain further insight into the insulin use pattern and glucose control in patients with DM
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treated with GC in an inpatient setting. Our inpatient hyperglycemia insulin protocol recom-
mends a well-standardized 50% basal (glargine)-50% bolus (lispro) therapy (see S1 File). In
this study, we performed a retrospective review to compare the insulin requirement and capil-
lary blood glucose (CBG) control between hospitalized patients with DM with GC use and
those without. We hypothesized that higher prandial insulin but similar basal insulin was
given with GC use in the hospital.

Methods
Study design

This was a retrospective cohort study conducted at a single U.S. institution. The Institutional
Review Board of the John H. Stroger, Jr. Hospital of Cook County, Chicago, Illinois, approved
the study protocol.

Participants and procedures

Data was collected from two databases: 1) electronic data warehouse (Cerner PowerChart®)
provided the eligible hospitalizations with demographic and clinical information including
hemoglobin A1C (HbA1c) and glomerular filtration rate (¢GFR) on admission, doses and
types of insulin and GC with corresponding dates and times; 2) hospital glucose database col-
lected for inpatient diabetes quality assurance provided CBG with corresponding times and
dates. The collected information per hospitalization from both databases was combined for
analysis.

Data was extracted from all inpatient stays to identify patients meeting the inclusion criteria
of those with DM who were non-pregnant, aged >18 years and who received any insulin from
1/1/2015 to 12/31/2015. We used inpatient data from 2015 as a convenience sample as previ-
ous studies [13, 15, 23] have employed smaller samples.

Exclusions included hospitalizations of less than 3 days (3 days is the minimal needed for
reasonable insulin titration); admittance to any intensive care unit (ICU) or eGFR<30 mL/
min/1.73 m* on admission (we have separate hyperglycemia protocols for such patients); miss-
ing weight on admission to express insulin in units/kilogram (kg); hospitalized patients not
treated per protocol; those with HbAlc <6.5% (47.5 mmol/mol) to include only patients with
DM.

We divided eligible patients into two groups based on whether they received GC treatment
during hospitalization (GC group vs. non-GC control group). We matched those in the GC
group, using one-to-one basis, to those in the control by the following variables: age (+10
years), gender, race, and HbAlc (£0.5% given the inter-individual variability) [24].

Measures

Hospitalization days. Data on CBG and insulin doses were represented by hospitalization
day, with the admission day counted as hospitalization day 0, the next day as hospitalization
day 1 and so on. We included CBG and insulin doses up to day 6 of the hospitalizations since
75% of our hospitalizations had a length of stay up to 7 days.

Glucocorticoids use. In the GC group, days without receiving GC treatment were elimi-
nated. GC were converted into prednisone-equivalent doses in mg and mg/kg [25, 26], and
GC dosage were totaled per hospitalization day. This was done to be able to compare patients
across different therapies or to accomodate those who received different types of steroids in
the same hospitalization. Due to hospitalization day being the unit of analysis, the conversion
allowed us to compare the different doses of different steroids on various days.
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Timing of GC administration was categorized into four times based on common time
blocks for daily activities: 12:00 am to 5:59 am, 6:00 am to 11:59 am, 12:00 pm to 5:59 pm, and
6:00 pm to 11:59 pm.

Capillary blood glucose. All CBG readings obtained were used. Beyond the recom-
mended four pre-meal and bedtime readings per day, CBG could have been obtained per pri-
mary team’s discretion or nurse-initiated hypoglycemia protocol which recommends repeated
CBG checking every 15 minutes until CBG recovers to >70 mg/dL. CBG readings were catego-
rized by hospital meal distribution timing: pre-breakfast CBG from 5:00 am to 9:30 am, pre-
lunch from 9:31 am to 4:00 pm, pre-dinner from 4:01 pm to 8:00 pm, and bedtime from 8:01
pm to 4:59 am. We defined hypoglycemia as CBG <70 mg/dL. CBG <40 mg/dL and >400
mg/dL were documented in our glucose database as <40 mg/dL and >400 mg/dL respectively
and were represented as 39 mg/dL and 401 mg/dL respectively in our analysis.

Insulin. Insulin doses were represented as units/kg. Daily glargine and lispro doses were
totaled per patient hospitalization day. Lispro doses were provided by breakfast, lunch, and din-
ner. Information on whether the lispro dose given was standing or supplemental was unavail-
able. Our inpatient hyperglycemia insulin protocol in the non-ICU setting is total daily dose per
weight (kg x 0.5 units/kg) divided into 50% basal insulin/50% bolus insulin. Bolus is divided by
3 mealtimes. Supplemental insulin is added to bolus based on pre-meal glucose algorithm.

Statistical analysis

We generated descriptive statistics for baseline demographic and clinical characteristics for
each patient per hospitalization with and without GC use. GC use and dose were expressed per
hospitalization day. For outcome measures, mean CBG and median insulin doses per hospital-
ization day were calculated. To compare baseline clinical characteristics and outcome mea-
sures between patients with and without GC, we used independent-samples t-test for normal
continuous variables, Mann Whitney U test for non-normally distributed continuous vari-
ables, and y2 test (and Fisher’s exact test if available) for categorical data. For hospitalization
day measures, one-way repeated-measures ANOV A was used to analyze the differences
between mean mealtime CBGs within each cohort; Friedman and Wilcoxon signed-rank tests
were used to compare overall and individual median lispro doses within each cohort. Pearson’s
correlation was used to examine the association between insulin and GC dose, and the associa-
tion between CBG and GC dose. Analysis was performed using SPSS Version 24 (SPSS Inc.,
Chicago, IL, USA). All tests of significance were two tailed, with o-levels of 0.05.

Results
Eligible hospitalizations cohorts

Our initial criteria for extraction identified 8431 hospitalizations. After eliminating additional hos-
pitalizations not meeting our inclusion criteria, 137 patients were in the GC group and 906
patients in the non-GC group (Fig 1). After matching for age (£10 years), gender, race, and
HbA1lc (£0.5%) [26], there were 131 patients for both GC and non-GC groups (Fig 1). Including
up to day 7 of the hospitalizations, the GC group had data points for 419 hospitalization days (394
excluding days without GC treatment), and the non-GC group had 646 hospitalization days.

Baseline characteristics

Cohort characteristics are shown in Table 1. There were no significant differences in age, gen-
der, ethnicity, race, BMI, HbAlc, or length of stay between the two cohorts with 54.2% being
African American and 60.3% being female.
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1/1/2015-12/31/2015
n =8431 hospitalized patients
+ Age 218 years old
+ Non-pregnant
» Received any insulin

Excluded (n=4092)

_| * length of stay< 3
days

+ ICU admissions

Excluded (n=3008)
* Weight on admission

| missing
| +eGFR <30
+ Did not receive both
Initial Eligible Sample glargine and lispro
N=1331 hospitalized
patients
Glucocorticoids No Glucocorticoids
N=217 hospitalized N=1114 hospitalized
patients patients
Excluded (n=80) Excluded (n=208)
« A1C <6.5% > *+ A1C<6.5%
(47.5 mmol/mol) (47.5 mmol/mol)
A
N=137 hospitalized patients N=906 hospitalized patients

Age, gender, race,

A1C matched
.
N=131 N=131
hospitalized hospitalized
patients patients

Fig 1. CONSORT diagram.
https://doi.org/10.1371/journal.pone.0256682.9001

Glucocorticoid types, doses, and administration times

In patients with GC, the median total prednisone equivalent dose received per day was 53.36
mg (IQR 30.00-80.04) or 0.59 mg/kg (IQR 0.35-1.03). GC used by type were 51.8% predni-
sone, 21.5% dexamethasone, 19.8% methylprednisolone, and 6.3% hydrocortisone. Timing of
GC administration was: 55.4% between 6:00 am to 11:59 am, 22.6% between 12:00 pm to 5:59
pm, 12.5% between 6:00 pm to 11:59 pm, and 9.6% between 12:00 am to 5:59 am. The median
number of days for GC per hospitalization were 3 days (IQR 1-4).

Insulin doses

The median total daily glargine dose was similar in the GC vs non-GC group (0.24 units/kg
(IQR 0.14-0.37) vs. 0.24 units/kg (0.17-0.34), P = 0.94). The median total daily lispro dose was
20% higher in the GC group (0.24 units/kg (IQR 0.13-0.30) vs. 0.20 units/kg (0.14-0.37),
P =0.06), albeit non-significantly. The median total daily insulin dose (glargine + lispro) was
18% non-significantly higher in the GC group (0.53 units/kg (IQR 0.32-0.79) vs. 0.45 units/kg
(0.31-0.67), P = 0.21).

As shown in Fig 2, the median lispro doses at breakfast and lunch were similar in the GC
vs. non-GC groups, breakfast: 0.10 units/kg (IQR 0.06-0.15) vs. 0.10 units/kg (0.06-0.13),
P =0.37; lunch: 0.10 units/kg (IQR 0.07-0.15) vs. 0.10 units/kg (0.06-0.14), P = 0.53. However,

PLOS ONE | https://doi.org/10.1371/journal.pone.0256682 September 16, 2021 5/10


https://doi.org/10.1371/journal.pone.0256682.g001
https://doi.org/10.1371/journal.pone.0256682

PLOS ONE

Insulin management high-dose glucocorticoids

Table 1. Demographic and clinical characteristics after matching for race, gender, age, and HbAlc.

GC (N =131) No GC (N =131)

Gender

Female 60.3% 60.3%

Male 39.7% 39.7%
Age (mean years) + SD 58.5+10.9 59.4 +10.7
Race

African American 54.2% 54.2%

White 32.8% 32.8%

Others 13.0% 13.0%
Ethnicity

Hispanic/Latino/Spanish Origin 29.0% 29.0%

Non-Hispanic/Latino/Spanish Origin 71.0% 71.0%
Weight (mean kg) + SD 90.1 £29.3 92.6 +26.2
BMI (mean kg/m®) + SD 32.8 £10.0 34.0+9.1
HbAlc

% 85+1.8 8.6+ 1.8

mmol/mol 69.7 £19.9 70.5+19.3
Length of Stay (mean days) + SD 49+29 55+34

No significant differences for any variables between groups.
BMI = body mass index, GC = glucocorticoid

https://doi.org/10.1371/journal.pone.0256682.t001

dinner lispro dose was 20% significantly higher in the GC than non-GC group (0.12 units/kg
(IQR 0.08-0.17) vs. 0.10 units/kg (0.06-0.14), P <0.01).

In the GC group, the differences between mealtime lispro doses was significant overall
(P =0.01). Specifically, lispro doses at dinner (0.12 units/kg (IQR 0.08-0.17) were greater than
breakfast (0.10 units/kg (0.06-0.15) and greater than lunch (0.10 units/kg (0.07-0.15), both
P<0.01, with no significant difference between breakfast and lunch. In the non-GC group, the
differences between mealtime lispro doses were similar (P = 0.06).

Capillary blood glucose pattern

Mean average daily CBG was significantly higher in the GC group (221+58 vs. 177+43 mg/dL,
P<0.001). As shown in Fig 2, mean CBG at mealtimes and bedtime were significantly greater
in the GC group, especially at dinner and bedtime: breakfast (190+70 vs. 161+46 mg/dL,
P<0.001), lunch (199+77 vs. 180+54 mg/dL, P = 0.03), dinner (254+69 vs. 184+63 mg/dL,
P<0.001), and bedtime (260£72 vs. 182+55 mg/dL, P<0.001).

In the GC group, the CBG readings between mealtimes and bedtime were different overall
(P<0.001), mainly due to dinner CBG being 30% greater than at lunch (254+69 vs. 199+77
mg/dL, P<0.001). CBG differences between breakfast and lunch (190£70 vs. 199+77 mg/dL,
P =0.20) and between dinner and bedtime (254+69 vs. 260+72 mg/dL, P = 0. 22), however,
were not significant.

In the non-GC group, the CBG readings between meal times and bedtime were also differ-
ent overall (P<0.001) because CBG at lunch was greater than at breakfast (180+54 vs. 161+46
mg/dL, P<0.001). CBG differences between lunch and dinner (180+54 vs. 184+63 mg/dL,

P = 0.54) and between dinner and bedtime were not significant (184+63 vs. 182+55 mg/dL,
P = 1.00).
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Fig 2. Mean capillary blood glucose (CBG) readings at mealtimes and bedtime and median insulin lispro doses at

mealtimes. * P<0.05 between glucocorticoid (GC) and non-GC mealtime glucoses at same mealtime. ** P<0.05
between GC and non-GC lispro dose at dinner.

https://doi.org/10.1371/journal.pone.0256682.9002

The occurrence of hypoglycemic episodes per hospitalization was lower in the GC than the
non-GC group, significant at dinner (0.9 vs. 11.9%, P<0.001) and bedtime (0.0 vs. 5.9%,
P =0.03) but non-significant at breakfast (7.8 vs. 14.4%, P = 0.15) and lunch (8.3 vs. 14.4%,
P =0.16).

Impact of GC dose on CBG and insulin dosing

GC dose was positively correlated with average CBG per day (R = 0.446, P<0.001). GC dose
was also positively correlated total daily lispro dose/kg (R = 0.17, P<0.001) while GC dose did
not correlate with total daily glargine dose/kg (R = 0.03, P = 0.58).

Discussion

The study’s intent was to evaluate the CBG pattern and insulin usage in hospitalized patients
with DM with and without GC therapy. Patients with GC use exhibited significantly higher
CBG at all mealtimes and bedtime, with the biggest increases being 38% higher at dinner and
43% higher at bedtime compared to non-GC group. Despite these high CBG readings, the GC
group only received 20% more lispro at dinner than at lunch, which was not sufficient to con-
trol the bedtime CBG. This finding demonstrates that there is a need to increase further the
prandial insulin doses beyond the 20% increase in this study.

As for the basal insulin, our data show that glargine dose/day was not different between
groups treated with and without GC. Even though the fasting CBG in the GC group was signif-
icantly higher, this was likely a carryover from the higher bedtime CBG since our protocol
does not recommend supplemental insulin at bedtime. Despite the higher pre-breakfast fasting
CBG in the GC group, the glargine dose is still considered appropriate since the post bedtime
CBG steeply declined overnight. Increasing the daily glargine dose thus may increase the risk
of hypoglycemia.

Our findings of higher prandial insulin requirements with high GC use were consistent
with the study led by Spanakis et al. 2014 [12], who demonstrated that double amounts of
prandial insulin but similar basal glargine were required to achieve normoglycemia in 20 out
of 58 hospitalized patients with DM receiving GC. However, no proportion of prandial insulin
was delineated per meal. More specifically, Burt et al. 2015 [27] demonstrated that greater
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delivery of insulin during the afternoon and evening was needed during methylprednisolone
treatment in 24 hospitalized patients with type 2 DM; despite having received higher dosages
of ultra-short-acting insulin between 1200 and 1700 hours (~10% more total per day), signifi-
cantly higher CBG between 1700 and 2100 hours were observed.

Limitations of our study include the retrospective nature where potential unmeasured con-
founders could be present despite our best attempts in matching. Not included in our study
database were the types or duration of DM, severity of underlying disease(s), in-patient nutri-
tional status (on a diet or NPO), all of which could influence insulin requirements [12].
Because of the characteristics of our database, we were not able to separate the proportion of
the prandial insulin and supplemental insulin. Finally, we were unable to give exact insulin
dosing recommendations for attaining euglycemia since most hospitalizations with GC use
did not achieve inpatient target glycemic control of 140-180 mg/dL [23].

Our study’s strengths include well-matched cohorts, larger sample size than previous stud-
ies, insulin as the sole hyperglycemia medication, and availability of lispro doses at different
meals with corresponding CBG data. This is the first study that shows that the major hypergly-
cemic effects of GCs begin at lunch and peaks at dinner.

Our study allowed the suggestion of an initial inpatient insulin regimen for patients with
DM with GC use that is based on increasing the prandial insulin during lunch and dinner,
reflecting the hyperglycemic GC pattern identified. The current protocol is 0.5 units/kg with
50% of the total dose being basal and 50% being prandial with the prandial dose divided
equally for three meals. The protocol in this setting will need increased prandial doses for
lunch and dinner. The particulars for protocol changes will need full corroboration in a pro-
spective study that will test not only the achievement of targets but also their safety. An exam-
ple of this could be the currently ongoing clinical trial by Cunningham et al. [28]. With the
current Covid-19 pandemic increasing the use of inpatient steroids, the relevance of these
adjustments take a larger footprint in our current view of inpatient hyperglycemia
management.

Supporting information

S1 File. Cook county health inpatient hyperglycemia protocol.
(PDF)
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