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Bolus Calculators
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Abstract

Matching meal insulin to carbohydrate intake, blood glucose, and activity level is recommended in type | diabetes
management. Calculating an appropriate insulin bolus size several times per day is, however, challenging and resource
demanding. Accordingly, there is a need for bolus calculators to support patients in insulin treatment decisions. Currently,
bolus calculators are available integrated in insulin pumps, as stand-alone devices and in the form of software applications
that can be downloaded to, for example, smartphones. Functionality and complexity of bolus calculators vary greatly, and the
few handfuls of published bolus calculator studies are heterogeneous with regard to study design, intervention, duration, and
outcome measures. Furthermore, many factors unrelated to the specific device affect outcomes from bolus calculator use
and therefore bolus calculator study comparisons should be conducted cautiously. Despite these reservations, there seems
to be increasing evidence that bolus calculators may improve glycemic control and treatment satisfaction in patients who use

the devices actively and as intended.
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Background

The American Diabetes Association (ADA) recommends
intensive insulin therapy for type 1 diabetes (T1D) with
multiple daily injections (MDI) of insulin or continuous
subcutaneous insulin infusion (CSII) and matching meal
insulin to carbohydrate (CHO) intake, premeal blood glu-
cose (BG) and activity level.! These standards are based on
the results of the landmark Diabetes Control and
Complications Trial (DCCT) and the Epidemiology of
Diabetes Interventions and Complications study which
documented that intensive insulin therapy in T1D delays
the onset and slows the progression of diabetic microvascu-
lar disease and reduces the risk of cardiovascular disease.””
Furthermore, DCCT results showed that patients who
almost always adjusted their meal insulin dose to food
intake achieved HbAlc values that were 0.5%-point lower
than patients who never made adjustments.*

Carbohydrate Counting and Bolus
Calculation

One method for matching meal insulin to CHO intake is
called ‘carbohydrate counting’ (CC).” It is a systematic
approach for insulin bolus size calculation, and in addition to
improving metabolic control, CC has been shown to improve
quality of life, treatment satisfaction, and psychological
well-being and to increase dietary freedom without concomi-
tant deteriorations in cardiovascular risk factors in patients

with T1D.%7 Insulin dose calculations by CC concern only
bolus insulin, but a prerequisite for success is a correct basal
insulin dose in the form of either long-acting insulin or a
basal rate. Basal insulin dosing can be evaluated by diabetes
diary review or basal rate check.®

The correction factor (CF) and the insulin to carbohydrate
ratio (ICR), are patient specific empirically estimated param-
eters included in the insulin bolus calculation.® CF is the
decrease in BG level caused by 1 unit of subcutaneously
injected rapid-acting insulin. ICR is the amount of CHO
needed to match the BG lowering effect of 1 unit of rapid-
acting insulin. Guides to CF and ICR estimations have been
published.”'® The clinician should however note that there is
often a need for further parameter adaptation and that CF and
ICR values may vary during the day.

With basal insulin dosing, CF and ICR in place, the next
step in the insulin bolus calculation procedure is to estimate
the meal CHO content. To do this, knowledge about the CHO
content of different foods is required. Furthermore, a BG
measurement must be obtained and a BG target set. The BG
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target is patient specific depending on individual patient
goals and may also vary according to time of day.

Now the patient is ready to calculate an insulin bolus. The
insulin bolus equation consists of a meal insulin part and a
correction insulin part:

Bolus insulin = Meal insulin + Correction insulin (1)

. .. _CHO | CurrentBG -Target BG
Bolus insulin= + )
I CF

If no food is to be consumed, the meal insulin part is elimi-
nated and correspondingly the correction insulin part is elim-
inated if the BG is already in target.

Often, the sum of the meal and correction insulin part
should be multiplied by a proportion reflecting the current
physiologic state (PS) of the patient. When insulin sensitiv-
ity is increased, for example, due to physical activity, the
PS is < 1 and when insulin sensitivity is decreased, for
example, during illness, the PS is > 1. The PS is subject to
large intra- and interindividual variation and since there is
no research supporting quantification of the proportion, the
patient is left to a trial-and-error approach. Finally, if insu-
lin from previously administered boluses is still active,
insulin on board (IOB) should be subtracted. In pump
patients, 65% of all insulin boluses are given within 4.5
hours of a prior bolus, that is, within the duration of insulin
action (DIA), and thus inclusion of IOB in the bolus calcu-
lation is important to avoid insulin stacking.'' IOB is deter-
mined based on patient specific DIA and assumptions of
insulin kinetics.'""?

The complete bolus insulin equation reads as follows:

CHO . Current BG - Target BG
ICR CF

Bolus insulin= x PS-IOB  (3)
Bolus insulin equations are complex and—for most people—
difficult and time consuming to solve by mental calcula-
tions."*"* To complicate bolus calculation even further, all
equation parameters may vary from hour to hour. The com-
plexity in itself fully justifies the use of a device that facili-
tates bolus calculation and the need for bolus calculators
(BCs) is further substantiated by studies documenting a high
frequency of poor numeracy skills among adults with
T1D.'"*!" Despite the fact that the exact amount of CHO in a
meal was given to 201 adult T1D patients, 57% came to a
false result by manual insulin dose calculation. However,
when provided with an automated BC the proportion of
false results was reduced to 7%. Some of the remaining false
results were retrospectively identified by BC download
which showed that the study subjects had deviated from pro-
tocol and logged insulin doses in the meter before study start
and that these loggings affected the study results due to the
IOB feature."

All in all, to meet ADA recommendations, insulin BCs are
needed in the treatment of most patients with T1D.

Fat and Protein Counting

CC is based on the assumption that CHO is the nutrient com-
ponent with greatest impact on postprandial BG excursions
and that the impact of protein and fat is minor and covered by
the basal insulin. There is evidence, however, that dietary fat
and protein increase BG levels by impairing insulin sensitiv-
ity and enhancing hepatic glucose production.'®*° Algorithms
for insulin bolus calculation including all 3 components have
been proposed but are not widely adopted in BCs and it
remains to be fully clarified how the glycemic impact of fat
and protein should be estimated.”' Furthermore, it is ques-
tionable whether all patients are able to perform these
increasingly advanced meal composition evaluations. The
ADA recommends that selected individuals who master CC
are trained in including protein and fat estimations in their
diabetes management.'

Different Bolus Calculators
Stand-Alone Bolus Calculators

The selection of stand-alone BCs ranges from simple sliding
scales including only meal insulin and correction insulin in
the bolus calculation to advanced automated calculators with
IOB, time dependent patient specific parameters, and mem-
ory functions.'****" The devices differentiate by look, ease
of use, degree of automation, and not least by algorithms.
Consequently, direct comparisons of studies of the various
stand-alone BCs should be conducted with care. Currently, 2
stand-alone advanced automated BCs are approved by regu-
latory authorities in Europe but none in the United States.

HbAlc. One of the very first published reports on the use of
a BC to support insulin dosage decision demonstrated that
even a simple, plastic guide could improve HbAlc signifi-
cantly in young T1D patients treated with human short-act-
ing insulin.”> Almost 10 years later, a similar inexpensive
bolus calculation card was developed to provide MDI users
with the bolus calculation means enjoyed by users of the
more expensive CSII therapy, and a retrospective database
study showed that MDI-treated patients using the card
achieved lower HbA ¢ levels compared with nonusers.”®

A third manual BC in the form of a cardboard wheel
named InsuCalc was presented more than a decade ago but is
still available at low cost. The wheel comes in 12 different
versions each with a fixed CF and ICR combination. The
fixed combinations mean that a patient may need several
wheels if CF and/or ICR changes during the day. Bolus cal-
culations are based on BG in 72-mg/dl intervals and meal
CHO content in 15-gram intervals. The use of intervals can
potentially result in highly variable BG results (from 23 to
200 mg/dl!). A 6-month, randomized, controlled pediatric
study including the device found significant improvements
in HbAlc (from 9.7% to 8.8%) in 10 patients using the
device consistently but not in the intention to treat group.'
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A simple electronic pocket calculator with fixed CF (at 54
mg/dl/unit) and dose reduction for physical activity was also
able to reduce HbAlc significantly in a 6-month, random-
ized trial. The mean HbAlc change in the calculator group
was —0.8% compared with —0.1% in the group using mental
calculations.**

A more advanced, PDA-based BC, a forerunner of an
insulin pump BC, was studied in a 12-month randomized,
controlled study of MDI users. At the end of the study period,
HbAlc-levels were lower in the intervention group; how-
ever, there was also an increase in the number of severe
hypoglycemic events in these patients.”” The authors con-
cluded that the device did not handle hypoglycemia well and
this might have been due to the lack of IOB function.

Two studies of an advanced automated BC with integrated
BG meter have been published within the last 2 years and more
large-scale studies of this particular device are on their way
(clinicaltrials.gov registry number NCT02084498; Danish
National Committee on Health Research Ethics H-4-2013-
035). The first publication was a 16-week randomized, con-
trolled pilot study, the BolusCal Study, of 51 CC-naive adults
with T1D.” The study demonstrated a change in HbA 1¢ from
8.9% to 8.1% in patients using the BC and this improvement
was maintained 1 year after the device was implemented in
their therapy.”” However, metabolic control after 16 weeks in
the BC group was not different from metabolic control in the
study group trained in CC by mental calculations, that is, there
was no additional effect of BC use on metabolic control.

The second clinical study investigating the same automated
BC, the ABACUS trial, was larger (N = 193), longer (26
weeks), and included both T1D (mostly 92.7%) and type 2
diabetes patients who were experienced in CC.*’ Patients were
randomized into 2 groups, 1 using the BC and 1 using mental
calculations. Significantly more patients in the BC group
achieved an HbA ¢ reduction >0.5% (56.0% vs 34.4%).

Glycemic Variability. Another PDA-based BC than the 1
described above but also a forerunner of an insulin pump BC
was studied in a short-term randomized crossover study in
CSllI-treated patients.’® The study showed that users of the
BC needed less supplemental CHO for hypoglycemia treat-
ment and fewer correction boluses due to more accurate
insulin dosing.

Continuous glucose monitoring was used in the BolusCal
study to observe glucose fluctuations.”® Although the num-
bers did not reach statistical significance, perhaps because of
lack of power, BC use was associated with improved distri-
bution of glucose values with less time in hypo- and hyper-
glycemia. An example of the changes observed after
introduction of the BC is depicted in Figure 1.

Treatment Satisfaction. One important function of a BC is to
ease the burden of insulin dosing decisions, however, only
very few studies have included treatment satisfaction as an
outcome parameter. In the InsuCalc wheel study, treatment

satisfaction measured by the Diabetes Treatment Satisfaction
Questionnaire (DTSQ) improved in the intervention group
during the study, but the improvements were not different
from the improvements obtained in the control group.'* In
the BolusCal Study on the other hand, changes in DTSQ
scores were significantly greater in patients using the auto-
mated BC compared with patients performing mental calcu-
lations and the same was the case in the ABACUS trial.”>*’

Applications for Smartphones

The launch of software applications for smartphones to assist
the diabetes patient in CC and bolus calculation has long
since surpassed the realization of studies testing application
safety, reliability and clinical efficacy. Patients can download
applications, either free or at very low cost, that provide
insulin dosing advice even though they have not been
approved by the FDA or corresponding regulatory authority.
This leaves the health care provider with the challenge of
maneuvering in a field of black boxes that may potentially
cause harm to patients.”’

Only recently, in 2013, the first smartphone application
received approval (CE marking) for insulin dose manage-
ment.” The software program includes a BC plus a telemedi-
cine component which allows for communication between
patient and health care provider. Prior to approval, the appli-
cation had gone through clinical testing. A randomized, con-
trolled study of 162 type 1 diabetes patients documented that
the bolus calculator decreased HbA 1¢ significantly, but there
was no additional effect of the telemedicine component.®®

Another telemedicine system for smartphones including
an advanced bolus calculator was studied in 130 T1D patients
randomized to 26 weeks of CC with either mental calcula-
tions or use of the new system. Significant improvements in
HbA1c were found within but not between groups; however,
DTSQ scores increased more in users of the BC compared
with those using mental calculations.*

Bolus Calculators Integrated in Pumps

All insulin pumps targeted T1D patients sold today have
built-in advanced automated BCs. There are subtle differ-
ences between the BC algorithms with respect to the way
they handle IOB and correction of hyperglycemia but health
care professionals should be aware of these manufacturer-
specific differences to be able to set the pump optimally for
each patient.'* Although BCs integrated in pumps have been
on the market for some years now, studies of their effective-
ness are still few.

A cross-sectional study of 88 adult T1D insulin pump
users with a mean HbAlc of 6.8% found that patients who
used the insulin pump BC for > 50% of bolus calculations
had HbA1c, mean BG and mean BG standard deviation that
were significantly lower than patients who used the BC less
(0.6%, 25.45 mg/dl, and 9.1 mg/dl, respectively).”
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Figure 1. Six days of blinded continuous glucose monitoring before (upper panel) and after (lower panel) introduction of carbohydrate

counting and an automated bolus calculator.

In a prospective study of 30 patients who switched from
an insulin pump without to a pump with a BC and used the
BC for 80% of bolus calculations, HbA1c levels decreased
significantly by 0.2%-points after the switch.*® The study
further reported that postprandial BG values improved sig-
nificantly. This observation has been confirmed by other
small studies in CSII-treated patients.’’*

On the contrary, a 12-month randomized, controlled pedi-
atric study (N = 45) was not able to demonstrate any addi-
tional effect of BC use with regard to HbAlc, postprandial
BG values or other study outcomes.*

Factors Affecting Outcomes of Bolus
Calculator Use

When evaluating the outcomes of BC use, one should keep in
mind that the effectiveness of a BC is limited by the manner
in which it is used. A BC must be used actively to serve its
purpose and the input to the BC must be correct if the output
should be equally so.

First, the constants of the bolus insulin equation need to
be fairly accurate. If CF or ICR are set too low, the patient

gets recurring hypos and vice versa. The BC BG target
should be set according to the glycemic goals of the indi-
vidual patient and will be reflected in the HbAlc over time.
For BCs including IOB in the bolus calculation, DIA accu-
racy is equally important, because a DIA set too short leads
to insulin stacking and if DIA is set too long, it may lead to a
compensatory increase in basal rate. Recommendations that
can guide the clinician in adjusting BC DIA settings are
available."

Second, successful outcomes from BC use depend on user
skills. To provide relevant input to the BC, the patient needs
to be able to adequately determine the CHO content of a
meal, apply correct BG monitoring technique and have gen-
eral insights into the diabetes disease and factors affecting
the patient’s PS.

Third, the skills of the health care team may also affect
BC outcomes. The team needs to be familiar with CC as well
as the particular device and be trained in continuous adjust-
ments of device settings since the constants of the bolus insu-
lin equation typically change over time.

If the requirements mentioned above are not met, the BC
output is likely to be false and as a consequence, the patient
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might lose confidence in the device and stop using it. One
should not expect any effect from a BC, if it is not in use.
Therefore, to get the greatest possible benefit from BC use it
is important to train patients and their potential caretakers in
general diabetes management as well as in the use of the
device. To further stimulate treatment adherence, BC use
should be addressed and BC settings should be evaluated
routinely during consultations to emphasize their importance
and make continuous use of the device meaningful to the
patient.

Factors Affecting Outcomes of Bolus
Calculator Studies

All factors affecting outcomes of BC use discussed so far
also affect outcomes of BC studies and this should be taken
into consideration when evaluating and comparing study
results. Furthermore, BCs are often introduced coincident
with CC or a CC refresher course and some amount of diabe-
tes self-management training. This makes changes in glyce-
mic control difficult to attribute to BC use only. In addition,
the baseline HbA lc¢ level of the study population is likely to
determine the magnitude of the achievable change in HbAlc.
Last, as is often the case with clinical studies, the patients
included are typically particularly motivated, at least at study
start, and may not represent the general T1D population.

Only 1 of'the 14 studies reviewed above reported increased
frequency of adverse events in users of BCs and that was an
increase in the incidence of hypoglycemia in users of a PDA-
based BC without IOB function.”” Six other publications
included BCs without IOB function, all stand-alone BCs, but
none of these reported increased hypoglycemia frequency. At
least theoretically, [OB-estimations are important to prevent
insulin stacking. Reasons for the absence of hypoglycemia
could be related to high BG targets or other conservative BC
settings, but it could also be due to low treatment adherence,
for example, that the patient did not used the device consis-
tently or made changes to the advice given by the BC. It may
also be that MDI-users bolus less often than insulin pump
users and therefore they generally do not encounter the prob-
lem of stacking. It should be noted, however, that although
there were no reports of increased hypoglycemia frequency
in studies of advanced BCs with IOB functions, the users of
these devices may still stack insulin in specific situations.
For instance, no advanced BC subtracts excess IOB from a
meal bolus when the current BG is above the BG target, that
is, they do not follow the logic of equation 3 and thereby the
patients run the risk of insulin overdosing.

Conclusion

Bolus calculation is a demanding procedure and many patients
can profit from BC assistance. BCs increase insulin bolus
accuracy and shift the burden of calculations from the patient.

Clinical studies of BC use are still relatively few and
study comparisons are complicated by heterogeneity across
studies with regard to the actual BC, study design, interven-
tion, duration, patient population, and outcome measures.
Furthermore, many factors—besides BC use—may affect
study outcomes as discussed in this review and this further
complicates study interpretation. Nevertheless, there seems
to be an increasing load of evidence that BCs may improve
glycemic control and treatment satisfaction in some patients
who use them actively. More studies of advanced automated
BCs are in the pipeline and the results are eagerly awaited.

Some years ago, the BC and the insulin pump became
combined together in 1 device. Perhaps the future holds more
attractive combinations of diabetes technologies—1 obvious
possibility would be a sensor-augmented BC.
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