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Abstract

Background: Hypoglycemia remains an impediment to good glycemic control, with nocturnal hypoglycemia
being particularly dangerous. Information on major contributors to nocturnal hypoglycemia remains critical for
understanding and mitigating risk.

Materials and Methods: Continuous glucose monitoring (CGM) data for 855 nights were studied, generated by 45
subjects 15-45 years of age with hemoglobin Alc (HbAlc) levels of <8.0% who participated in a larger randomized
study. Factors assessed for potential association with nocturnal hypoglycemia (CGM measurement of <60 mg/dL for
>30min) included bedtime blood glucose (BG), exercise intensity, bedtime snack, insulin on board, day of the week,
previous daytime hypoglycemia, age, gender, HbAlc level, diabetes duration, daily basal insulin, and daily insulin dose.
Results: Hypoglycemia occurred during 221 of 885 (25%) nights and was more frequent with younger age
(P<0.001), lower HbAlc levels (P=0.006), medium/high-intensity exercise during the preceding day (P=0.003),
and the occurrence of antecedent daytime hypoglycemia (P =0.001). There was a trend for lower bedtime BG levels
to be associated with more frequent nocturnal hypoglycemia (P =0.10). Bedtime snack, before bedtime insulin bolus,
weekend versus weekday, gender, and daily basal and bolus insulin were not associated with nocturnal hypoglycemia.
Conclusions: Awareness that HbAlc level, exercise, bedtime BG level, and daytime hypoglycemia are all
modifiable factors associated with nocturnal hypoglycemia may help patients and providers decrease the risk of
hypoglycemia at night. Risk for nocturnal hypoglycemia increased in a linear fashion across the range of
variables, with no clear-cut thresholds to guide clinicians or patients for any particular night.

Introduction hypoglycemia occurs at night, making nocturnal hypoglycemia
a particularly important issue. In the large continuous glucose

BOTH HYPOGLYCEMIA AND THE FEAR of hypoglycemia monitoring (CGM) JDRF study,” biochemical hypoglycemia
remain impediments to good glycemic control among pa- (CGM glucose concentration of <60 mg/dL) occurred during
tients with type 1 diabetes (T1D)." A disproportionate share of ~ 8.5% of nights, with 23% of these events lasting more than 2 h.
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Although severe hypoglycemia is associated with adverse
events such as seizures and rarely death, less severe nocturnal
hypoglycemia is linked to a broad range of adverse conse-
quences,” both acutely™ and long term.® In a multinational
survey of the consequences of nonsevere nocturnal hypogly-
cemia, Brod et al.” reported that among the participants who
awoke, the average time to return to sleep was over an hour,
and some did not return to sleep at all that night. Most re-
spondents reported a moderate to severe impact on ability to
function on the following day. A better understanding of the
antecedents of nocturnal hypoglycemia could both improve
routine clinical diabetes management and help inform the
ongoing development of closed-loop insulin delivery systems.

We analyzed data from 885 control nights in a recently
completed randomized study® of a predictive low-glucose
suspend (PLGS) system to examine factors associated with
nocturnal hypoglycemia.

Research Design and Methods

The study was conducted at three clinical centers. The
protocol was approved by each Institutional Review Board,
and informed consent and assent were obtained as appro-
priate. The study assessed the efficacy of a PLGS system as
described in a recently published article® and listed on the
ClinicalTrials.gov Web site (clinical trial registration number
NCTO01591681). Key aspects of the study protocol are de-
scribed below.

Major eligibility criteria included being 1545 years of age,
having T1D with use of daily insulin therapy for >1 year, use
of an insulin infusion pump for =6 months, hemoglobin Alc
(HbA1c) level measured with a point-of-care device of <8.0%,
at least 1 night with a sensor glucose value of <60 mg/dL or at
least 3 different nights with a sensor glucose value of <70 mg/
dL during 1015 days of CGM preceding the trial, and dem-
onstrated ability to use the PLGS system. Of note is that only
three of the 49 subjects enrolled failed to meet these hypo-
glycemia criteria, and one did not complete a system-use cri-
terion. The PLGS system com%rised the Enlite® glucose
sensor and MiniMed Paradigm™~ Veo system (Medtronic
Diabetes, Northridge, CA), and the proprietary PLGS algo-
rithm was installed on a laptop computer.

During the randomized trial, the system was used until 42
nights with at least 4 h of sensor glucose data were completed,
with half the nights randomly assigned to be intervention
nights and half control nights.

Each night, upon startup, the system prompted the subject
to enter whether or not a bedtime snack was consumed and
the level of exercise intensity for that day (Supplementary
Figs S1 and S2; Supplementary Data are available online at
www.liebertonline.com/dia). The protocol had no specific
instructions about bedtime snacks. Timing and size of insulin
boluses were obtained from pump downloads. During the
day, the participant used the CGM device and pump as it
would be prescribed for usual diabetes management (without
the algorithm being active). The threshold-based low-glucose
suspend feature of the Veo pump was disabled during the
study, so as not to interfere with the PLGS algorithm.

Statistical methods

The data used for this analysis only included control nights
(i.e., the PLGS algorithm was inactive) to explore the pre-
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dictors of nocturnal hypoglycemia. The time period for out-
come assessment each night was from bedtime (which the
subject indicated in the system) until deactivation the fol-
lowing morning. Only nights with at least 6 h of CGM data
were included in the analysis.

Hypoglycemia was defined as having at least 30 min of
CGM values <60 mg/dL. Factors assessed that could poten-
tially affect the proportion of nights with hypoglycemia in-
cluded bedtime blood glucose (BG) level, exercise intensity
(see Supplementary Fig. S2 for the assessment tool), bedtime
snack, insulin on board, day of the week, previous daytime
CGM hypoglycemia, age of subject, gender, HbAlc level at
enrollment, diabetes duration, daily percentage basal insulin,
and daily insulin dose (in units/kg-day).

CGM measurements from noon to 8 p.m. were used to as-
sess the effect of antecedent daytime hypoglycemia (time
<60 mg/dL) on nocturnal hypoglycemia. Sufficient CGM data
(at least 6 h) were available for 754 days (85%).

The percentage of nights with hypoglycemia was tabulated
for each factor, giving equal weight to each night. A repeated-
measures regression model with random subject effects and a
spatial power autocorrelation structure was used for univariate
and multivariate analysis. A linear relationship was fitted for
continuous covariates. Nonlinear and two-way interaction ef-
fects were tested but were not significant. A multivariate
model was determined using a stepwise approach. Factors with
a value of P <0.10 were added to the model, but only values of
P<0.01 were considered significant to adjust for multiple
hypothesis testing. A 99% confidence interval of the odds ratio
and P values were calculated for the factors in the final model.
All P values are two tailed. Analyses were performed using
SAS version 9.3 software (SAS Institute, Inc., Cary, NC).

Results

The 45 individuals included in the analyses had an age
range of 15-45 years (mean age, 30 years); 47% were male,
and 93% were white. Median T1D duration was 15 years, and
median HbAIc level was 6.8%.

Hypoglycemia, as measured by CGM, occurred during 221
of 885 (25%) control nights. In a multivariate model, noctur-
nal hypoglycemia was more frequent with younger age
(P<0.001), lower HbAlc levels (P=0.006), medium/
high-intensity exercise during the preceding day (P=0.003),
and the occurrence of biochemical hypoglycemia during the
preceding day (P=0.001) (Fig. 1). There was a trend for lower
bedtime BG levels to be associated with more frequent noc-
turnal hypoglycemia that did not meet our criterion for sta-
tistical significance (P =0.10). All of these factors had similar
odds ratios of about 2 across the clinically relevant ranges.

The probability of nocturnal hypoglycemia as a function of
time of daytime hypoglycemia, bedtime BG concentrations,
and exercise intensity is shown in Figure 2. Bedtime snack,
insulin on board, weekend versus weekday, gender, daily basal
insulin, and daily bolus dose were not associated with noc-
turnal hypoglycemia in the univariate or multivariate analyses.
It also was not possible to distinguish the separate effects of age
and diabetes duration because these were highly correlated.

Discussion

Nocturnal hypoglycemia occurred during 25% of nights, a
frequency somewhat higher than the 15% rate found in the
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Univariate Analysis Multivariate Analysis
N % of Nights with P-Value P-Value
Hypoglycemia?
Overall 885 25%
Night Level Factors
Bedtime BGP 0.03 0.10
2180 moidl 287 20% *
130-178 moldl 288 23% —t—A
100-128 moidl 199 28% 1A
<99 mafd| 111 38% * 1
Exercise Intensity® 0.003 0.003
MNo Exercise 428 21% *
Low Exercise 139 23% I 4 |
MediumiHigh Exercise e N% P
Bedtime Snacke 0.81
MNo Snack 474 26%
Snack 411 24%
Insulin on hoard {
daily insulin doseb 0.20
0.0%-2.4% 286 29%
2.5%-4.9% 235 22%
5.0%-7.4% 162 16%
27.5% 202 N%
Day of the Week 0.98
Fri-Sat 243 26%
Sun-Thurs 6542 25%
Time below 60 mg/dl from
noon until 8PMb 0.002 0.001
None 522 21% *
1-29 minutes 100 27% k ® i
230 minutes 132 36% A
Mot enough davtime data 131 27% | — . —|
Patient Level Factors
Age 0.004 =0.001
30-45 years (N=25) 482 20% *
20-29 years (N=10) 204 31% I * i
15-19 years (N=10) 199 30% g i
Gender 0.64
Female {N=24) 480 26%
Male (N=21) 405 24%
HbA1c At Enrolimentb 014 0.006
7.5-8.0% (N=15) 289 24% *
6.5-7.4% (N=15) 303 19% k & 1
<6.4% (N=15) 293 32% I 4 |
Diabetes Durationb 0.06
220 years (N=17) 336 22%
10-=20 vears (N=19) 378 25%
=10 years (N=9) 171 30%
Daily Basal Insulin {ratio of
basal to insulin deliveny)b 0.55
= 0.40 {(N=8) 146 21%
0.40-0.49 (N=13) 260 27%
0.50-0.59 {N=12) 238 24%
2060 (N=12) 241 27%
Daily Insulin Dose (daily
insulin / weighty 0.22
= 0.4 Uikgiday (N=9) 177 28%
0.4-=0.8 Ulkgiday {(N=25) 501 22%
2 0.8 Ulkgiday (N=11) 207 30%
[ T T T 1
0.25 0.5 1 2 4 6
Odds Ratio

<— Less Hypoglycemia More Hypoglycemia—>

FIG. 1. Factors related to overnight hypoglycemia. *Nights with hypoglycemia had at least 30 min below 60 mg/dL.
"Linear relationship fitted for continuous factor. “Exercise intensity and snacks entered by the subjects. BG, blood glucose;
HbAlc, hemoglobin Alc.
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FIG. 2. Predicted overnight hypoglycemia by (A) bedtime blood glucose or (B) daytime hypoglycemia and exercise.
Lines represent the predicted probability of hypoglycemia based on the repeated-measures regression model. Dots represent
the least square means of the observed percentage of hypoglycemia.

pilot for this trial.” The increase in hypoglycemia may be due
to switching from the Sof-Sensor in the pilot trial over to the
Enlite sensor in the current study, which has been reported to
be biased low.'” Even if the Enlite sensor used in our study
overestimated the frequency of hypoglycemia, this should
not have had an impact on the interpretation of the results of
analyses assessing the association of factors with nocturnal
hypoglycemia.

By design, we required that our subject population have
some nocturnal hypoglycemia during the run-in period of this
study, which likely selected for increased hypoglycemia
during the study period. The JDRF CGM trial, with broader
entry criteria, reported that 8.5% of 36,467 nights had at least

two consecutive glucose values <60 mg/dL within a 20-min
period.? On the control nights of a recent closed-loop study at
home using the FreeStyle Navigator® sensor (Abbott Dia-
betes Care, Alameda, CA), Hovorka et al.'! found that glu-
cose levels fell below 63 mg/dL for at least 20 min on 17% of
the nights. Another factor potentially contributing to our
higher incidence of nocturnal hypoglycemia was the inability
of subjects to use a temporary basal rate when they went to
bed (this was not compatible with our system for pump sus-
pensions). It is therefore possible that our high rate of hy-
poglycemia following moderate to strenuous activity would
have been reduced if subjects had access to a temporary re-
duction in their basal rates on those nights. Subjects were



NOCTURNAL HYPOGLYCEMIA

given the option to change their basal rate patterns during
the study.

Nocturnal hypoglycemia has been associated with a mul-
titude of antecedent factors." Although some factors such as
gender, age of diagnosis, and duration of diabetes are not
modifiable, knowledge about their association with nocturnal
hypoglycemia can still be helpful in setting therapeutic tar-
gets or closed-loop algorithm parameters.

In the current study, those with HbAlc values >6.5% had
significantly less nocturnal hypoglycemia. Of note is that
although the range of HbAlc levels in this study was limited
(HbAlc <8% was an inclusion criterion), there was no dif-
ference in the rate of nocturnal hypoglycemia among those
with HbAlc values between 6.5% and 7.4% compared with
those with a higher HbAlc level (7.5-8%). Whereas many
studies'*™'* have found an inverse relationship with HbAlc
levels and severe hypoglycemia, recent data support our
finding that this relationship is likely waning. Likewise,
O’Connell et al.'® and Cooper et al.'® found a sharp decrease
in severe hypoglycemia over about a decade in nearly 1,800
children and adolescents. During that time, average HbAlc
levels remained roughly the same, and the investigators fur-
ther found no association with HbAlc level. Among adults
over 26 years of age, Weinstock et al.'” reported no consistent
relationship between HbAlc level and severe hypoglycemia
and reported that the frequency of severe hypoglycemia was
lowest in those with HbAlc values between 7.0% and 7.5%.
With that said, the results of our study may not apply to those
with HbAlc levels of >8%.

Physical exertion during the day is a well-known con-
tributor to subsequent nocturnal hypoglycemia. The current
study found that self-reported exercise of moderate to high
intensity increased the subsequent rate of nocturnal hypo-
glycemia. Although nocturnal hypoglycemia occurred across
a broad range of bedtime glucose concentrations, there was a
trend toward higher rates of nocturnal hypoglycemia fol-
lowing lower bedtime BG levels (Fig. 2A). Following mod-
erate to high exercise intensity, nocturnal hypoglycemia
occurred on 37% of nights with a bedtime BG level of
<130mg/dL and 27% of nights with a bedtime BG level of
>130 mg/dL. The DirecNet group'® studied the effect of a
uniform, late-afternoon ‘“‘heavy’ exercise challenge in 50
children with TID and found nocturnal hypoglycemia (a
single central laboratory glucose value of <60mg/dL) de-
veloped in 16 (57%) of 28 subjects whose bedtime BG level
was <130mg/dL and in eight (36%) of 22 subjects whose
level was >130 mg/dL. Although others have found that a
bedtime snack can reduce the incidence of nocturnal hypo-
glycemia after exercise,'” we did not find an overall effect of
a bedtime snack on nocturnal hypoglycemia. In a recent re-
view of bedtime nutritional strategies and the incidence of
nocturnal hypoglycemia, Desjardins et al.>° concluded that
although current evidence does not support the systematic use
of bedtime snacks, their use appears to be prudent in many
settings when the likelihood of nocturnal hypoglycemia is
high. As demonstrated in Figure 2A, we also did not observe
a bedtime threshold glucose at which nocturnal hypoglyce-
mia did not occur, similar to the findings of Kaufman et al.*'

Daytime hypoglycemia was significantly correlated with
nocturnal hypoglycemia. Garg et al.>* recently reported in the
crossover-designed ASPIRE in-clinic study that exercise-
induced hypoglycemia was significantly longer in the group
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that experienced antecedent hypoglycemia, suggesting that
“hypoglycemia begets hypoglycemia.”” Data from the JDRF
CGM trial*® showed that severe hypoglycemia was eight
times more likely when 30% of CGM values were <70 mg/
dL on the previous day (4.5% vs. 0.5%; P <0.001). Although
quite significant, the frequency of severe hypoglycemia was
low and less than 5%.

Conclusions

We found that younger age, lower HbAlc levels, exer-
cise during the preceding day, and biochemical hypoglyce-
mia during the preceding day were associated with a greater
frequency of nocturnal hypoglycemia. Our study strengths
include a large number of nights in the home environment
where uniform data were collected electronically. Moreover,
the study was designed to enroll subjects with a higher
likelihood of nocturnal hypoglycemia. Limitations of the
study included enrolling subjects across a wider age range
and not formally testing for hypoglycemic unawareness.
The very nature of the primary study limited us to subjects
who were delivering insulin by infusion pumps and use of
self-reported data about exercise and snacks. We evaluated
hypoglycemia using CGM, which adds possible misclassifi-
cation noise.

Knowledge of the potentially modifiable daytime factors
(increased exercise, lower bedtime BG, and minutes of
daytime hypoglycemia) can be used to advise families to
monitor subsequent nocturnal glucose levels more closely.
However, no factor was strongly predictive of the occurrence
of nocturnal hypoglycemia. Some of the risk factors, such as
increased physical exercise* and reasonable bedtime BG
levels, are themselves important in the overall health of pa-
tients with diabetes.

Because it is difficult to modify the clinical management of
diabetes to avoid nocturnal hypoglycemia, the continued
development and commercialization of systems to auto-
matically manage glucose concentrations provide the best
hope to decrease nocturnal hypoglycemia while maintaining
good overall glycemic control, and significant decreases
in nocturnal hypoglycemia and improved glycemic time in
range using closed-loop systems have recently been
demonstrated.' ">’
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