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Abstract

Background: A high body mass index (BMI) has been associated with decreased mortality in critically ill patients. This
association may, in part, relate to the impact of BMI on glycemia. We aimed to study the relationship between BM,
glycemia and hospital mortality.

Methods: We included all patients with a recorded BMI from four large international clinical databases (n=259,177).
We investigated the unadjusted association of BMI with average glucose levels, mortality and hypoglycemia rate. We
applied multivariate analysis to investigate the impact of BMI on hypoglycemia rate, after adjusting for glycemia-rele-
vant treatments (insulin, dextrose, corticosteroids, enteral and parenteral nutrition) and key physiological parameters
(previous blood glucose level, blood lactate, shock state, SOFA score).

Results: We analyzed 5,544,366 glucose measurements. On unadjusted analysis, increasing BMI was associated with
increasing glucose levels (average increase of 5 and 10 mg/dL for the 25-30, 3035 kg/m? BMI groups compared

to normal BMI (18.5-25 kg/m?) patients). Despite greater hyperglycemia, increasing BMI was associated with lower
hospital mortality (average decrease of 2% and 3.25% for the 25-30, 30-35 kg/m? groups compared to normal BMI
patients) and lower hypoglycemia rate (average decrease of 2.5% and 3.5% for the 25-30, 30-35 kg/m? groups com-
pared to normal BMI patients). Increasing BMI was significantly independently associated with reduced hypoglycemia
rate, with odds ratio (OR) 0.72 and 0.65, respectively (95% Cls 0.67-0.77 and 0.60-0.71, both p <0.001) when compared
with normal BMI. Low BMI patients showed greater hypoglycemia rate, with OR 1.6 (Cl 1.43-1.79, p<0.001). The asso-
ciation of high BMI and decreased mortality did not apply to diabetic patients. Although diabetic patients had higher
rates of hypoglycemia overall and higher glucose variability (p <0.001), they also had a reduced risk of hypoglycemia
with higher BMI levels (p <0.001).

Conclusions: Increasing BMI is independently associated with decreased risk of hypoglycemia. It is also associ-

ated with increasing hyperglycemia and yet with lower mortality. Lower risk of hypoglycemia might contribute to
decreased mortality and might partly explain the obesity paradox. These associations, however, were markedly modi-
fied by the presence of diabetes.
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Graphical Abstract
Hypoglycemia and the obesity paradox
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Introduction
Overweight and obesity are associated with numerous
comorbidities and risk factors for life-threatening com-
plications [1-3]. They are also strongly associated with
increased long-term mortality [4, 5]. In contrast, multi-
ple studies have found that overweight and mildly obese
patients have lower short-term mortality rates than their
leaner counterparts, after both cardiac [6-11] and non-
cardiac [12-17] surgery. Furthermore, a similar phe-
nomenon has been observed in non-surgical populations
[18-20]. This counterintuitive relationship between over-
weight and short-term mortality has been termed ‘the obe-
sity paradox’ [6—17] and a definite explanation for it has
not yet been established. A possible partial explanation for
this paradox, however, might relate to glycemic control.
The role of fat tissue in modulating glucose homeo-
stasis is well-established [21, 22]. The most commonly
used surrogate for measuring excess fat tissue is the
body-mass index (BMI). In this regard, using a national
health database, an investigation of the relationship

between BMI and severe hypoglycemia in more than
one million Korean ambulant type 2 diabetic patients
[23] recently found that BMI and hypoglycemia were
inversely associated. Thus, a higher BMI appears to
protect against hypoglycemia. However, the associa-
tion of BMI and hypoglycemia in intensive care patients
remains unexplored.

Accordingly, we aimed to explore the association of
BMI with mortality and glycemia in patients from a
group of large intensive care datasets. In particular, we
aimed to investigate the hypothesis that patients with
increased BMI have an increased rate of hyperglycemia,
but a decreased rate of both hypoglycemia and mortal-
ity. Finally, we sought to understand how these associa-
tions are affected by the diagnosis of diabetes.

Methods

Study cohort

We studied patients from four large intensive care
electronic health records (EHR) databases: (a) the
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Amsterdam  University Medical Center Database
(AUMC) [24] from the Amsterdam University Medical
Center, collected between 2003 and 2016; (b) the High
Time Resolution Intensive Care Database (HiRID) [25]
from the Department of Intensive Care Medicine of the
University Hospital of Bern, collected between 2008 and
2016; (c) the Medical Information Mart for Intensive Care
(MIMIC-III) [26] database from the Beth Israel Deacon-
ess Medical Center in Boston, Massachusetts, collected
between 2001 and 2012; and (d) the eICU Collaborative
Research Database [27], containing data collected from
206 hospitals across the USA in 2014 and 2015.

All adult patients (> 18 years) with recorded height
and weight at time of ICU admission from the four
databases were included in the analysis. The body-mass
index (BMI) was calculated using height and weight at
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admission and variations in BMI during stay were not
considered in the analyses. For a secondary univariate
analysis using HbA1c levels, a subset of the MIMIC-III
cohort with recorded HbAlc values was used. In order
to decrease potential underreporting bias for insulin,
for multivariate analyses all hospitals in the eICU data-
base where<20% of patients received insulin therapy
were excluded from analysis (the threshold was chosen
to match the insulin prevalence in the lowest preva-
lence MIMIC-III ICU). We refer to the resulting cohort
as the Multivariate Cohort. The study flowchart of
patients is shown in Fig. 1.

The primary outcome was occurrence of hypoglyce-
mia (blood glucose <70 mg/dL [<3.9 mmol/L]). The
secondary outcome was in-hospital mortality. However,
for the HiRID dataset, in-hospital mortality information

Patients aged > 18 years
admitted to ICU
(n=310,562)

> Exclusion for missing BMI
(n =51,385)

Study cohort
(univariate analysis)

P Total included patients
- (n=259,177)

Exclusion of centers with insulin
»| reported for < 20% patients
(n =174,103; 203 elCU centers)

Multivariate Cohort
(multivariate analysis)

Total included patients for
- multivariate analysis
(n =85,074)

Fig. 1 Study flowchart with patient inclusion/exclusion criteria
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was not reported and therefore ICU mortality was used
on this dataset. The blood glucose target range in the
HiRID database was 81-180 mg/dL (4.5-10 mmol/L).
In the AUMC database, the target value was 117 mg/dL
(6.5 mmol/L) for patients monitored using the Glucose
Regulation for Intensive Care Patients (GRIP) system
[28], whereas the target range was 110-160 mg/dL in the
guidelines for non-computerized monitoring, used dur-
ing the last year of data collection.

We obtained data on the following potentially impor-
tant physiological and treatment factors for development
of hypoglycemia: (a) prior glucose levels, (b) lactate lev-
els, (c) presence or absence of shock (defined as mean
arterial pressure<60 mmHg or administration of vaso-
pressors), (d) administered insulin dose (the maximum
hourly infusion rate in U/h in the 12 h preceding an
event, with intermittent bolus administrations included
where available), (e) administered dextrose dose (hourly
infusion rate in mL/h normalized to equivalents of dex-
trose 10%; dextrose 5% was not included), (f) presence of
parenteral nutrition, (g) presence of enteral nutrition and
(h) presence of corticosteroid administration. We also
estimated the hourly Sequential Organ Failure Assess-
ment (SOFA) scores [29] using the relevant values for
each component in all patients. We reported the missing-
ness of key variables considered at 24 h into ICU stay.

All the data used in our analyses are publicly available.
The AUMC Database is available through the website of
Amsterdam Medical Data Science [30]. HiRID, MIMIC-
III and eICU databases are available through PhysioNet
[31].

Univariate analyses

For the univariate analyses, we first investigated whether
the BMI had an association with average glucose levels.
We did this by categorizing patients into BMI groups
according to the World Health Organization classifica-
tion: underweight (0-18.5 kg/m?), normal (18.5-25 kg/
m?), overweight (25-30 kg/m?), class I obese (30-35 kg/
m?), class II obese (35—40 kg/m?) and class III obese
(>40 kg/m?). For each patient, we established the time-
weighted average glucose level during ICU stay (times
after first hypoglycemia onset not included). Then, for
each group, we calculated the mean of the time-weighted
average glucose values. Further, we determined the mor-
tality rate for each BMI group and the proportion of
patients who developed an episode of hypoglycemia dur-
ing ICU stay. We also determined the average coefficient
of variation of the blood glucose levels in each group.
These analyses were then repeated by stratifying on type
of admission, to determine whether there were important
differences between admission types.
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Further, we repeated the analyses by stratifying accord-
ing to diagnosis of diabetes (here only the US databases
were used, where the diabetes diagnosis was reported
using ICD-9 codes), to understand the impact of diabe-
tes on the association of BMI with glycemic outcomes
and mortality. Moreover, in a secondary analysis of the
impact of diabetes, using a subset of the MIMIC-III data-
base where HbAlc levels were recorded, we stratified
patients according to HbAlc levels into four bins: non-
diabetic (<6.1%), pre-diabetic (6.1-6.5%), moderately
controlled diabetes (6.6—7.0%), poorly controlled diabe-
tes (>7.0%).

To investigate the association of glycemic outcomes
and mortality and how they changed according to BMI
and diabetes status, we performed the following analyses.
For time-weighted average glucose, we grouped patients
into three bins: 70-140, 140-180, > 180 mg/dL. For each
bin of time-weighted average glucose, we then assessed
the mortality rate according to BMI group and diagno-
sis of diabetes (the analysis was repeated for the subset
of patients who did not develop hypoglycemia during
ICU stay). A similar analysis was performed for the blood
glucose coefficient of variation, using four bins (<10%,
10-20%, 20-30%, >30%) and hypoglycemia, using three
bins (0, 1 or>1 episode of hypoglycemia).

Additionally, we assessed several process of care char-
acteristics. For each BMI group, we calculated the aver-
age hourly frequency of glucose measurements, within
the same time window as described above. Using only the
patients in the top quartile with respect to glucose meas-
urement frequency, we again computed the proportion
of patients who experienced hypoglycemia in each BMI
group, to determine whether the frequency of monitor-
ing affected the findings. Moreover, we computed the
mortality rate in each BMI group using only patients
who developed hypoglycemia. In order to investigate
whether the severity of hypoglycemia differed across BMI
groups, for the hypoglycemic cohort, for each patient,
we also calculated (1) the average of the lowest blood
glucose measurement; (2) the overall hypoglycemic load
(defined as the proportion of glucose measurements
that were <70 mg/dL); (3) the number of hypoglyce-
mic episodes (an episode is assumed to end 6 h after a
hypoglycemic measurement, unless terminated early by a
non-hypoglycemic measurement, or prolonged by a sub-
sequent hypoglycemic measurement). Finally, when con-
sidering medication, we calculated the average maximal
insulin dose (both unadjusted and adjusted by patient
weight), average mean dextrose dose and the average
duration of treatment with parenteral/enteral nutrition
and corticosteroids during ICU stay (excluding times
after onset of hypoglycemia). The 95% confidence inter-
vals (CIs) of mean values obtained using 500 bootstrap
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repetitions were included for all point estimates. For each
analysis we tested whether there was a difference in dis-
tribution of values for patients with BMI <25 kg/m? ver-
sus patients with BMI>25 kg/m?% A y>- test was used
for binary variables, whereas a Mann—Whitney U-test
was used for continuous variables and we reported the
obtained p-values.

Multivariate analysis

After establishing the univariate relation between BMI
and hypoglycemia, we investigated whether BMI was an
independent predictor of hypoglycemia in a multivari-
ate model using the key variables described above. We
included the BMI categories into the multivariate logis-
tic regression model and, for each patient, the relevant
parameters at 6 h into ICU stay (prior glucose levels, lac-
tate levels, presence or absence of shock, administered
insulin dose, dextrose dose, usage of parenteral/enteral
nutrition and corticosteroids). We then determined
whether the patient had a hypoglycemic episode within
the subsequent 6 h (between 6 and 12 h). If a hypoglyce-
mic episode occurred, this outcome was labelled as H=1
(for hypoglycemia) and no further data for that patient
were considered for analysis thereafter (i.e., only data
before the first hypoglycemic event was analyzed). In the
absence of a hypoglycemic event between 6 and 12 h into
ICU stay, the outcome was labelled as H=0, we assessed
the subsequent 6-h window (between 12 and 18 h) and
repeated the process in an iterative way thereafter.

We selected a window duration of 6 h as short enough
for accurate predictions, but long enough to allow pos-
sible preventative intervention in future clinical prac-
tice. We carried less frequently measured variables (liver
function tests) forward for up to 48 h, unless a new meas-
urement was available. For more frequently measured
variables (glucose, lactate, mean arterial pressure) the
carry-forward period was always <24 h. If no subsequent
measurement fell into the carry forward period, median
imputation was used up to the next observed value.

The above multivariate logistic regression model was
fitted on all of the data jointly, where we included the
database as an additional predictor. We reported the esti-
mated odds ratios (ORs) and their confidence intervals.
A y*-test was used to test for the significance of BMI as
a categorical variable and its p-value was reported. We
also inspected the generalized variance-inflation factors
(GVIF) [32] of the model, to test for multicollinearity.
Additionally, to address the level of missingness, a sen-
sitivity analysis was conducted on a subset of the data
where the missingness of BMI and lactate levels was low
(<5% missing BMI, < 15% missing lactate). The multivari-
ate model was also fitted on the US databases only, where
the diagnosis of diabetes was included as a predictor.
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The Ethical Commission of Canton Zirich
waived the need for an ethical approval of the study
(Request-2021-00,618). For statistical analysis and data
loading, we used the ricu R-package [33] and R Statisti-
cal Software [34] Version 4.1.0. All the code used in the
analyses is available on Github https://github.com/eth-
mds/bmi.

Throughout the text, where the relevant values are also
reported per database, we report the value for the AUMC
database first, followed by values for HiRID, MIMIC-III
and eICU, respectively, unless otherwise explicitly stated.

Results

The proportion of adult patients with a recorded BMI
was 83.5% (93.6%, 92.5%, 46.2%, 90.7% per database)
and the study cohort comprised of 259,177 (21,624,
31,348, 24,623, 181,582 per database) patients which had
5,544,366 glucose measurements.

For the multivariate analysis, we used the Multi-
variate Cohort, which comprised of 85,074 patients.
The multivariate analysis considered 507,977 lactate
measurements, 7,397,330 MAP values, 1,840,259 h of
vasopressor administration, 1,302,135 h of insulin admin-
istration, 56,700 h of dextrose administration, 215,463 h
of parenteral nutrition, 760,157 h of enteral nutrition and
59,064 h of corticosteroid treatment. For the secondary
analysis investigating HbAlc levels, we used a subset of
4202 patients from the MIMIC-III cohort where there
was a recorded value.

MIMIC-III patients had the longest average length
of ICU and hospital stay. The average age was approxi-
mately 65 years across all cohorts with a slightly higher
proportion of men (Table 1). SOFA scores and mortal-
ity rates in the cohorts are also shown in Table 1. Com-
parison of characteristics of patients with a recorded BMI
and patients with a missing BMI is reported in Additional
file 1.

Hypoglycemia occurred in 36,731 (14.1%) patients.
Missingness of physiological markers at 24 h into ICU
stay by BMI group and dataset is reported in Additional
file 2 and Additional file 3.

Univariate comparisons according to BMI

On univariate analysis of the overall study population,
increasing values of the BMI were associated with higher
average glucose levels (Fig. 2a, all p<0.001), lower mor-
tality (Fig. 2b, p=0.047 for HiRID, p<0.001 for other),
lower rate of hypoglycemia (Fig. 2¢, all p<0.001) and
higher glucose variability (Fig. 2d, all p<0.001). The same
associations were observed irrespective of admission
type (Fig. 3, all p<0.001).
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Table 1 Patient characteristics and outcomes.

Variable Reported MIMIC-1II elCU HiRID AUMC

Cohort size n 24,623 181,582 31,348 21,624

Admission type %

Medical 63 82 NR 22

Surgical 36 16 NR 71

Other 1 2 NR 7

Age (years) Median 66 65 65 65
(IQR) (54-77) (53-76) (55-75) (55-75)

Mortality % 104 89 5.7% 9.8

Hospital LOS (days) Median 8.09 5.60 NR NR
(IQR) (5.01-14.48) (2.96-10.12)

ICU LOS Median 2.78 1.69 1.00 1.08
(IQR) (1.39-5.73) (0.89-3.11) (0.82-2.26) (0.85-3.75)

Gender (male) % 60 54 65 66

BMI group (kg/m?) %

[0-18.5] 3 4 2 7

[18.5-25] 31 30 44 48

[25-30] 34 29 37 26

[30-35] 18 18 13 14

[35-40] 7 9 4 4

>40 6 9 1 1

SOFA score Median (IQR)

Cardiovascular 10-1) 1(1-1) 1(1-4) 3(1-4)

CNS 0(0-1) 0(0-2) 0(0-1) 0(0-1)

Coagulation 0(0-1) 0(0-1) 0(0-1) 0(0-1)

Hepatic 0 (0-0) 0(0-1) 0 (0-0) 0(0-1)

Renal 0(0-1) 0(0-1) 0(0-1) 0(0-1)

Respiratory 1(0-2) 1(0-2) 3(2-4) 2(2-3)

Total 4 (2-6) 3(1-6) 6 (4-9) 7 (5-9)

BMI, body-mass index; CNS, central nervous system; IQR, interquartile range; LOS, length of stay; NR, not reported; SOFA, Sequential Organ Failure Assessment,

evaluated at 24 h into ICU stay
*ICU mortality reported for HiRID dataset

Impact of diabetes

For diabetic patients, however, the association of time-
weighted average glucose with BMI was reversed, mean-
ing that low BMI patients had higher average glucose
levels (Fig. 4a, p<0.001). Furthermore, the association of
high BMI and decreased mortality did not apply to dia-
betic patients in the pooled dataset (Fig. 4b, p=0.81).
However, on MIMIC-III dataset only, diabetic patients
with higher BMI still had decreased mortality rates when
compared to normal BMI patients (p < 0.001). Although
diabetic patients had higher rates of hypoglycemia overall
(Fig. 4c) and higher glucose variability (Fig. 4d, p <0.001),
they also had a reduced risk of hypoglycemia with higher
BMI levels (Fig. 4d, p <0.001). When considering HbAlc
levels, we found for the <6.1% group, increased BMI was
associated with higher average glucose (p=0.001), lower
mortality (p=0.04), and lower rate of hypoglycemia
(p<0.001), whereas for the other three groups the asso-
ciations were not statistically significant (Fig. 5a—c, all
p>0.05). Increasing levels of BMI were associated with
lower glucose variability in each HbAlc group (Fig. 5d,
all p<0.05).

Association of glycemic outcomes with mortality
Increased average glucose levels were associated with
increased mortality in each BMI group for non-diabetic
patients, although the differences in risk were smaller
with higher BMI values (Fig. 6). For diabetic patients,
increased glucose levels were associated with reduced
mortality (Fig. 6). These associations remained very simi-
lar when considering the subgroup of patients who did
not develop hypoglycemia during ICU stay (Fig. 7). Simi-
lar to average glucose levels, increased glycemic variabil-
ity was associated with increased mortality in each BMI
group for the non-diabetic population, but not for the
diabetic population (Fig. 8). Hypoglycemia and its recur-
rence were associated with increased mortality for both
diabetic and non-diabetic groups, and this relationship
did not seem strongly modulated by BMI group (Fig. 9).

Process of care characteristics

Patients with a higher BMI had more frequent glu-
cose monitoring (Additional file 4 panel a, all p<0.001),
but we observed the same shape of the hypoglycemic
rate curve when considering only patients from the top
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quartile of glucose measurement frequency across all
BMI values (Additional file 4 panel b, all p<0.001). The
null-hypothesis that the obesity paradox was not present
was rejected in the hypoglycemic cohorts of AUMC and
eIlCU datasets (p <0.001, p=0.024, respectively), whereas
it was not rejected in the hypoglycemic cohorts of HiRID
and MIMIC-III datasets (p=0.83, p=0.46, respectively,
see Additional file 4 panel c). The hypoglycemic load was
higher in low BMI patients (Additional file 4 panel e, all
p<0.001). It was uncertain whether hypoglycemia was
more likely to recur in low BMI patients (Additional file 4
panel f, p=0.01 for AUMC, p>0.05 for others). It was
also uncertain whether the lowest glucose level was dif-
ferent according to BMI (Additional file 4 panel d, p-val-
ues 0.04, 0.07, 0.55 and 0.008, respectively).

Higher BMI patients received higher insulin doses
(Additional file 5 panel a, all p<0.001), even when
adjusted for patient weight (Additional file 5 panel b, all
»<0.001). We observed no consistent association of BMI
with dextrose, parenteral and enteral nutrition (Addi-
tional file 5 panels c, d, f). Higher BMI patients were less

likely to be treated with corticosteroids (all p<0.001),
but the association exhibited a U-shape (Additional file 5
panel e). For each BMI group and each database, all pro-
cess of care characteristics and numbers of patients are
additionally reported in Additional file 6.

Multivariate comparisons

The odds ratios (ORs) of included variables and their
confidence intervals (CIs) obtained in the multivariate
analysis are presented in Table 2. The maximal GVIF
value of the model was 1.55, indicating that multicollin-
earity did not pose a problem for coefficient estimation.
After adjustment, the higher BMI groups 25-30, 30-35,
35-40 kg/m? showed a statistically significant reduc-
tion in hypoglycemic rate compared to the normal BMI
group (18.5-25 kg/m?), with an OR (95% CI reported in
parentheses) of 0.72 (0.67-0.77), 0.65 (0.60-0.71) and
0.61 (0.54-0.69), respectively (p<0.001 for all). In addi-
tion, the low BMI group showed an increased rate of
hypoglycemia compared to the normal weight group (OR
1.6, CI 1.43-1.79) while the >40 kg/m? group showed a
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time-weighted average glucose (a), lower mortality (b), lower rate of hypoglycemia (c) and lower glucose variability (d), irrespective of admission

decreased rate of hypoglycemia (OR 0.53, CI 0.46-0.61),
although in the sensitivity analysis this finding was not
statistically significant (OR 0.83, CI 0.48-1.41), possi-
bly due to low number of morbidly obese patients in the
European datasets. The overall findings were consistent
when considering the subset of the data with low data
missingness (AUMC admissions from 2009 to 2016 and
all HiRID admissions, Table 2) in the sensitivity analysis.
The findings were also consistent when the diagnosis of
diabetes was included as predictor in the US databases
(Table 2).

Discussion

Key findings

In a study of several large data sets from the USA and
Europe, we found that higher BMI patients had higher
average glucose levels and more frequent blood glucose
measurements, but, despite being more hyperglycemic,
also had a reduced risk of death compared to normal or
low BMI patients. However, we also found that higher
BMI patients had a reduced risk of hypoglycemia and

lower glucose variability. We note that these findings
were modified by the presence of diabetes. Finally, we
confirmed the association of increased BMI and reduced
rate of hypoglycemia on multivariate analyses, after
including several major time-varying risk factors in logis-
tic regression models.

Relationship to previous literature

Many of the findings of this study appear to match the
findings of several other studies dealing with the obe-
sity paradox [6—11, 13—-20]. However, the finding that
greater BMI is associated with both hyperglycemia and
yet decreased mortality is novel. The same is true of the
finding that a higher BMI appears to protect patients
from hypoglycemia. In this regard, a higher BMI, like
the diagnosis of diabetes [35], appears to remove the
nexus between a higher glucose and increased mortal-
ity. The finding that the impact of BMI on the associa-
tion of glycemia with mortality was also modulated by
presence of diabetes is novel and supports the notion



Ple¢ko et al. Crit Care (2021) 25:378

Page 9 of 15

a) Time-weighted average glucose by diabetes status b) Mortality by diabetes status
0.16
225
)
T
o
E
A 41 —_
gzoo Son
g S
S 5
2 s
8 1754 s
E z
o =
E g 0.08 4
£ s
g 150
(0]
£
IS
0.04 4
125
[0-18.5] [18.5-25] [25-30] 30-35] [35-40] >40 [0-18.5] [18.5-25] [25-30] 30-35] [35-40] >40
BMI (kg/m"2) BMI (kg/m"2)
C) Hypoglycemia by diabetes status d) Glucose variability by diabetes status
0.5
g
c 40
2
g 0.4+ kS
£ g
I3 G 354
g 5
o3 2
1] 8 304
= o
g
= 3
0.2+ S 554
el
[=]
o
5]
204
[0-18.5] [18.5-25] [25-30] [30-35] 35-40] >40 [0-18.5] [18.5-25] [25-30] [30-35] [35-40] >40
BMI (kg/m”2) BMI (kg/m"2)
Diabetes No — Yes
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that there is an overlapping impact of BMI and diabetes
on biochemical and clinical outcomes and that diabetic
patients represent a unique population that needs to
be considered separately in all assessments of glycemia
and its elements and associations [34].

The shape of the hypoglycemia rate curve with respect
to BMI values suggests that overweight and mildly obese
patients have a particularly lower risk of hypoglycemia.
This finding, together with the shape of the risk curve,
agrees strongly with those found in a study on severe
hypoglycemia during outpatient management of type
2 diabetes [23]. The mechanism by which BMI might
affect the risk of hypoglycemia cannot be inferred from
our study. One possible explanation relates to insulin
resistance, which is known to be associated with higher
BMI (36, 37]. As hypoglycemia is an adverse outcome
associated with increased mortality [38, 39], the fact
that a higher BMI decreases the risk of hypoglycemia
might provide a partial explanation for the BMI paradox.
However, we acknowledge there are also other possible

explanations, or contributing factors, such as the role of
fat tissue and adipocytes in absorption and reduction of
the inflammatory response [40, 41].

Implications of study findings

Our findings imply that high BMI patients, like diabetic
patients, have decreased mortality despite greater hyper-
glycemia. Moreover, they imply that higher BMI patients
have a lower rate of hypoglycemia, an effect also seen
in diabetic patients. Even though there are likely other
important factors contributing to the obesity paradox,
such as the fact that higher BMI might be an indication of
higher lean body mass, our findings imply that a differen-
tial impact on glycemia may contribute to the seemingly
protective effect of obesity in critical illness [38, 39, 42,
43]. In addition, our findings imply that the association
of BMI with mortality is affected by the diagnosis of dia-
betes, indicating that diabetic patients represent a unique
population that reliably modifies the links between most
aspects of glycemia with outcome. We acknowledge that
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Fig. 7 Mortality and time-weighted average glucose association conditional on BMI group and diabetes status for the non-hypoglycemic group.
The figure shows the mortality rate in different bands of time-weighted average glucose, conditional on BMI group and diabetes status, for the
subset of patients who did not develop hypoglycemia during ICU stay. For non-diabetic patients, there was an association of higher glucose levels
with increased mortality, with the differences decreasing with BMI. For diabetic patients, higher glucose levels were not associated with increased
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Fig. 8 Mortality and glucose variability association conditional on BMI group and diabetes status. The figure shows the mortality rate in different
bands of glucose coefficient of variation, conditional on BMI group and diabetes status. For non-diabetic patients, there was an association of
higher glucose variability with increased mortality, with the differences decreasing with BMI. For diabetic patients, higher glucose variability was not

some of our findings could also be interpreted as imply-
ing underweight is a greater risk for mortality, rather
than overweight being protective. However, the changes
in risk are in comparison with normal values and can be
observed to progress with changes in BMI even within
normal BMI values. They also provide a rationale for
a precision medicine based approach in relation to gly-
cemic control that would consider the significance and
impact of BML

Strengths and limitations

This study has several strengths. It included more than
250,000 ICU patient stays in four large, international
cohorts from Europe and the USA. The cohorts were
heterogeneous in terms of their surgical and medi-
cal admission composition (MIMIC-III predominantly
medical, AUMC predominantly surgical), yielding a
degree of external validity to the study findings. Moreo-
ver, the association of increased BMI and decreased
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Fig. 9 Mortality and hypoglycemia rate association conditional on BMI group and diabetes status. The figure shows the mortality rate in groups
with none, a single or multiple episodes of hypoglycemia, conditional on BMI group and diabetes status. For both diabetic and non-diabetic
patients, hypoglycemia was associated with increased mortality, for all BMI groups

hypoglycemic rate remained significant after adjusting
for other known patient and treatment risk factors for
hypoglycemia. In multivariate analysis, time-varying risk
factors were analyzed only up to the time of hypoglyce-
mia, which attenuated the risk of reverse causality. The
consistency of the findings across all four heterogeneous
cohorts and the agreement of the findings with existing
literature supports the hypothesis that increased BMI has
a physiologically protective effect with respect to hypo-
glycemic rate. Therefore, based on this novel finding,
BMI can be used as an independent factor in models for
hypoglycemia prediction.

There are also some limitations to our study. This is an
observational study, possibly prone to systematic sam-
pling bias. Moreover, not all patients had a recorded
BMI value. However, to address this concern, a sensitiv-
ity analysis was performed on a subset of the databases
in which the missingness level was low, and the find-
ings remained consistent. The number of patients in the
underweight and class II/III obese groups was lower,
which is reflected in wider confidence intervals for these
groups, limiting the ability to draw definitive conclusions.
However, the association still remained that normal BMI
patients are at more risk than overweight patients both
in terms of mortality and hypoglycemia, and the number
of patients in these groups was large. We also acknowl-
edge that BMI is an imperfect anthropometric marker.
It does not account for the proportion of lean versus fat
body mass, or body fat distribution, both of which might
play a role in explaining the observed obesity paradox.
Our assessment of the diabetic population provided
data to suggest that diabetes might affect the way BMI

modulates the link between aspects of glycemia and mor-
tality, but multivariate analyses that would confirm this
finding were not performed in this manuscript. Further-
more, such findings were limited to the US databases,
where the identification of diabetes was possible. Addi-
tionally, HbA1c levels were available only for a subgroup
of MIMIC-III patients and based on this data, no defini-
tive conclusions could be made. These limitations are
problematic and the data obtained may not be sufficiently
robust, because in the MIMIC-III dataset, the mean time
between glucose measurements was between 9 and 10 h,
reflecting a monitoring frequency of<3 times a day. The
detection rate of dysglycemia in both diabetic and non-
diabetic patients could be impacted by such a low meas-
urement rate. Finally, the use of oral hypoglycemic agents
was not considered in our analyses. The AUMC database
was the only database reporting the use of oral hypogly-
cemic agents. It reported such use in 0.5% of total patient
stay days, indicating they were not widely used in this
dataset.

Conclusion

Our findings provide novel evidence that, compared with
a normal BMI, a BMI above the normative value is an
independent predictive factor for reduced risk of hypo-
glycemia in diabetic and non-diabetic patients, while
a BMI below the normal value predicts increased risk.
These findings suggest the need to consider BMI when
assessing the significance of hypoglycemia as a predictor
of mortality and when estimating the risk of hypoglyce-
mia in critically ill patients. Additionally, our study also
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Table 2 Estimated odds ratios (ORs) and confidence intervals of important variables in a multivariate logistic model predicting the
onset of hypoglycemia (blood glucose <70 mg/dL) within 6 h

Odds ratio (Cl) Full data Sensitivity analysis Diabetes adjusted
BMI [0-18.5] kg/m? 16 161 158
(1.43-1.79) (1.28-2.03) (1.35-1.86)
BMI[18.5-25] kg/m? 1 1 1
) ) )
BMI [25-30] kg/m? 0.72 0.74 0.68
(0.67-0.77) (0.65-0.85) (0.62-0.74)
BMI [30-35] kg/m2 0.65 0.63 0.59
(0.6-0.71) (0.52-0.76) (0.53-0.66)
BMI [35-40] kg/mZ 0.61 0.46 0.58
(0.54-0.69) (0.32-0.65) (0.5-0.66)
BMI> 40 kg/m? 0.53 0.83 0.44
(0.46-0.61) (0.48-1.41) (0.38-0.51)
Blood glucose [70-108] mg/dL 1 1 1
=) =) =)
Blood glucose [108-144] mg/dL 0.3 0.26 0.34
(0.28-0.32) (0.22-0.29) (0.31-0.37)
Blood glucose [144-180] mg/dL 0.26 0.18 034
(0.24-0.28) (0.15-0.21) (0.3-0.38)
Blood glucose > 180 mg/dL 0.29 0.18 0.35
(0.26-0.32) (0.15-0.22) (0.31-0.39)
Insulin=0u/h 1 1 1
(=) (- (-
Insulin [0-2.5] u/h 2.18 3.02 1.32
(201-2.35) (2.58-3.52) (1.17-1.49)
Insulin [2.5-5] u/h 5.07 6.97 347
(4.69-5.48) (5.87-8.28) (3.12-3.87)
Insulin>5 u/h 6.41 8.76 417
(5.87-7) (7.11-10.79) (3.73-4.66)
Blood lactate [0-2] mmol/L 1 1 1
) ) =)
Blood lactate [2-5] mmol/L 16 145 1.8
(1.48-1.73) (1.25-1.7) (1.62-2)
Blood lactate >5 mmol/L 32 3.79 3.63
(2.86-3.68) (3.03-4.74) (3.03-4.35)
MAP = 60 mmHg, no vasopressor therapy 1 ] 1
(=) (-) (=)
MAP <60 mmHg or vasopressor therapy 148 141 1.56
(1.39-1.57) (1.24-1.6) (1.43-1.69)
Parenteral nutrition 0.66 0.68 0.75
(0.58-0.76) (0.52-0.89) (0.61-0.92)
Enteral nutrition 0.83 0.62 1.11
(0.78-0.89) (0.55-0.71) (1.02-1.21)
Corticosteroids 0.85 0.81 0.95
(0.77-0.94) (0.67-0.98) (0.84-1.08)
Dextrose 109% 0 mL/h 1 1 1
(=) (- (=)
Dextrose 10% < 25 mlL/h 1.06 0.8 1.03
(0.74-1.52) (0.37-1.72) (0.69-1.56)
Dextrose 10% > 25 mlL/h 2.04 2 1.92
(1.75-2.37) (1.57-2.55) (1.51-2.44)
Diabetes - - 2.21
(2.04-2.4)
SOFA* 1.07 1.04 1.07
1.06-1.08) (1.01-1.06) (1.06-1.09)

(
AUMC 1 1 -
) )
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Table 2 (continued)
Odds ratio (Cl) Full data Sensitivity analysis Diabetes adjusted
HiRID 043 0.66 -

(0.39-048) (0.58-0.74)
MIMIC-I1I 0.92 - 1

(0.86-0.99) )
elCU 151 - 2.19

(1.38-1.65) (2-24)

Rows corresponding to referent value bins are italicized

ALT, alanine aminotransferase; AST, aspartate aminotransferase; h, hours; IU, international units; MAP, mean arterial pressure; mL, milliliters u/h units per hour

*SOFA score without cardio component

confirms the inverse relationship of increasing BMI val-
ues and mortality, a relationship which appears to occur
despite greater hyperglycemia (a known predictor of
mortality) with increasing BMI, but which also appears
to be modified by the presence of diabetes. In their aggre-
gate, our findings imply that future studies of glycemia in
critically ill patients should control for the impact of both
diabetes and BMIL.
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