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Review Article

The New York Times published an article on April 5, 2014, titled 
“Even Small Medical Advances Can Mean Big Jumps in Bills” 
by Elizabeth Rosenthal,1 claiming that diabetes technologies 
and therapies are overpriced, offer little value, and place an 
unjust burden on the US health care system. “That captive audi-
ence of Type 1 diabetics has spawned lines of high-priced gad-
gets and disposable accouterments, borrowing business models 
from technology companies like Apple.” This controversial 
article failed to capture the benefits of technology not only in 
improving glycemic control as determined by hemoglobin A1c 
(A1c) but also in mitigating the frequency, severity, and cost of 
hypoglycemia. The article also did not address the increasing 
problem and resultant costs of hypoglycemia in patients with 
type 2 diabetes and how technology might be used to mitigate 
this as well.2 In light of Rosenthal’s article, it is important to 

objectively review the literature to answer the following 
questions:

1.	 What is the cost of hypoglycemia?
2.	 What is the evidence that technology can improve 

A1c and/or reduce the risk of hypoglycemia?
3.	 What are the limitations in using technology to 

accomplish this?
4.	 What is the cost-effectiveness of technology?
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Abstract
Background: Hypoglycemia mitigation is critical for appropriately managing patients with diabetes. Advanced technologies 
are becoming more prevalent in diabetes management, but their benefits have been primarily judged on the basis of hemoglobin 
A1c. A critical appraisal of the effectiveness and limitations of advanced technologies in reducing both A1c and hypoglycemia 
rates has not been previously performed.

Methods: The cost of hypoglycemia was estimated using literature rates of hypoglycemia events resulting in hospitalizations. 
A literature search was conducted on the effect on A1c and hypoglycemia of advanced technologies. The cost-effectiveness 
of continuous subcutaneous insulin infusion (CSII) and real-time continuous glucose monitors (RT-CGM) was reviewed.

Results: Severe hypoglycemia in insulin-using patients with diabetes costs $4.9-$12.7 billion. CSII reduces A1c in some but 
not all studies. CSII improves hypoglycemia in patients with high baseline rates. Bolus calculators improve A1c and improve 
the fear of hypoglycemia but not hypoglycemia rates. RT-CGM alone and when combined with CSII improve A1c with a 
neutral effect on hypoglycemia rates. Low-glucose threshold suspend systems reduce hypoglycemia with a neutral effect 
on A1c, and low-glucose predictive suspend systems reduce hypoglycemia with a small increase in plasma glucose levels. In 
short-term studies, artificial pancreas systems reduce both hypoglycemia rates and plasma glucose levels. CSII and RT-CGM 
are cost-effective technologies, but their wide adoption is limited by cost, psychosocial, and educational factors.

Conclusions: Most currently available technologies improve A1c with a neutral or improved rate of hypoglycemia. 
Advanced technologies appear to be cost-effective in diabetes management, especially when including the underlying cost of 
hypoglycemia.
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The Problem

Since the publication of the Diabetes Control and Complications 
Trial (DCCT) results in 1993 and the DCCT/EDIC study in 
2005 an improvement in the hemoglobin A1c level has been the 
benchmark for demonstrating the benefit of any new therapy 
because these studies showed that there was a direct relationship 
between the degree of glycemic control and the development of 
micro- and macrovascular complications.3,4 Somewhat over-
looked is the high rate of hypoglycemia that was the “price” for 
improved A1c in the intensively treated arm of the DCCT study. 
There was a greater than 3-fold increase in the rate of severe 
hypoglycemia as defined as requiring assistance, coma and/or 
seizure in the intensive arm of the study (77.5 events per year 
compared with 24.1 events/year).5 The prevalence of hypogly-
cemia remained about the same during the entirety of the trial. 
Indeed, it is the fear of hypoglycemia that often precludes more 
aggressive glycemic management since even a single episode 
results in patients and their providers becoming reluctant to 
adhere to the recommendations that led to that episode. Despite 
improvements in monitoring technology and the introduction of 
analog insulins, hypoglycemia continues to be a problem for 
patients with type 1 diabetes. Indeed, Weinstock and colleagues 
in the T1D Exchange Network, a database that is a reflection of 
real-world glycemic control, recently reported that the overall 
prevalence of severe hypoglycemia episodes (1 or more severe 
[seizure or coma] episodes per year) was 11.8% (range 5%-19%) 
per year depending on the duration of diabetes in the almost 
5000 patients surveyed.6 Interestingly, they found a U-shaped 
curve of the prevalence of hypoglycemia whose nadir was an 
A1c of 7%-7.4%, suggesting that mean hyperglycemia does not 
protect against hypoglycemia. They also found that the preva-
lence was independently associated with a lower socioeconomic 
status, lower educational achievement, lower income, and not 
having private insurance. Over the last few years, it has become 
apparent that hypoglycemia is also a major problem in patients 
with type 2 diabetes particularly those on insulin only, insulin in 
combination with oral agents, and insulin secretagogues. The 
risk of severe hypoglycemia in patients with type 2 with respect 
to A1c can also be described by a U-shaped curve. The highest 
incidence was in those with the highest A1cs and was not related 
to whether or not the patient was on insulin, insulin plus an oral 
agent, or oral agents alone.7

These observations and others have led the Endocrine 
Society and the American Diabetes Association to recommend 
that for “healthy adults with diabetes, a reasonable glycemic 
goal might be the lowest A1c that does not cause severe hypo-
glycemia, preserves awareness of hypoglycemia, and results 
in an acceptable number of documented episodes of symptom-
atic hypoglycemia.”8 The recent reduction of A1c goals in 
children and young adults with type 1 diabetes to <7.5% exert 
more pressure on finding a way to achieve those goals.9

Methods

The cost of severe hypoglycemia in the United States was 
estimated in type 1 and 2 diabetes based on their current 

prevalence, the prevalence of hypoglycemia unawareness in 
those populations, the frequency of severe hypoglycemic 
events, and the number and cost of hospitalizations for hypo-
glycemia.10-15 A range of costs was estimated based on high 
and low rates of severe hypoglycemic events in insulin-using 
patients. A selective literature search was conducted on the 
effect and cost-effectiveness (where available) on A1c and 
hypoglycemia of insulin pumps (CSII), bolus calculators 
(BC), real-time continuous glucose monitors (RT-CGM), 
sensor-augmented pumps (SAP), low-glucose threshold sus-
pend (LGTS) systems, low-glucose predictive suspend 
(LGPS) systems, and artificial pancreas (AP) systems.

Cost of Hypoglycemia

The published estimate for the total (direct and indirect) costs 
of diabetes is $245 billion a year as of 2012.16 This cost is 
41% higher than 5 years earlier and now represents 20% of 
the health care expenditures in the United States. The cost of 
hypoglycemia is an important part of overall costs of diabetes 
care because it often results in hospital admissions. I have 
estimated that the cost of severe hypoglycemic episodes in 
the United States is $4.9-$14.7 billion in the 5 million insulin-
using patients with type 1 and type 2 diabetes who have hypo-
glycemic unawareness (Table 1). This is based on the 
assumption that the prevalence of hypoglycemia unawareness 
in insulin-using patients with type 1 and type 2 diabetes is 
20% and 9.8%, respectively;10,11 the annual number of severe 
hypoglycemic events in those with hypoglycemia unaware-
ness that are likely to result in hospitalization is 2.4-8.1/year 
in type 1 diabetes10,12 and 2.1-5.9/year in type 2 diabetes;13,14 
and the cost per hospitalization for severe hypoglycemia is 
$17  564.15 The actual cost of hypoglycemia in the United 
States is undoubtedly much higher since non-insulin-using 
patients, particularly those using insulin secretagogues either 
alone or in combination with another noninsulin therapy, 
also develop hypoglycemia resulting in hospitalizations. In 
addition, nonsevere hypoglycemia results in a significant 
impact on work productivity and additional resource utiliza-
tion through additional clinic visits and blood glucose 
testing.16

Technologies

The evidence for the benefits and limitations of several cur-
rently available technologies in managing patients with both 
type 1 and type 2 diabetes is discussed below. A summary of 
these is shown in Table 2.

Bolus Calculators (BC)

Benefits.  Bolus calculators are widely available in a variety 
of formats—applications for smart phones, incorporation 
into blood glucose meters, and incorporation into insulin 
pumps. Bolus calculators estimate the “correction” insulin 
dose using a patient’s current glucose level, insulin 
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sensitivity, target glucose level and insulin-on-board and the 
prandial insulin dose based on the carbohydrate content of 
the meal and the preestablished insulin:carbohydrate ratio. 
Cavanaugh and colleagues demonstrated that patients with 
diabetes have poor diabetes-related numeracy.17 BC’s can 
overcome this problem. Sussman and colleagues documented 
the numeracy problem in a study that found that patients 
made errors 63% of the time in calculation of their correction 
bolus dose and/or their prandial carbohydrate-based dose 
when provided with the standard formulae.18 In that study, 
the use of a BC improved the accuracy of the insulin dose to 
over 90%. At this time, there are 84 BCs that are download-
able from iTunes for use on smart phones.19 It should be 
noted that none of the smart phone BCs have been cleared by 
the Food and Drug Administration (FDA) for accuracy. 
Thus, patients and their diabetes providers should be cau-
tious about relying on the dose recommendation until a par-
ticular application has been thoroughly tested. At the present 

time, there is only 1 blood glucose meter (ACCU-CHEK 
Aviva Expert) that contains an FDA-approved BC. It is 
available by prescription only. BCs that are included in insu-
lin pumps have all been cleared by the FDA.

Most studies of BCs have demonstrated that they reduce 
A1c in both stand-alone and pump-based applications by 
0.2%-0.7% as summarized by Schmidt and Norgaard.20 
Except in 1 instance where the insulin-on-board calculation 
may have been inaccurate,21 there was no increase in the rate 
of severe hypoglycemia. A recent systematic review showed 
that the number of correction doses and the frequency of 
mild hypoglycemia was reduced in those using a BC that was 
imbedded in their insulin pump although only 2 studies were 
ultimately included in that meta-analysis.22 BCs have been 
shown to reduce the fear of hypoglycemia as well as other 
factors that engender patients to improve their glycemic con-
trol including providing more flexibility and an improved 
quality of life.23

Table 1.  Estimate Cost of Hypoglycemia Admissions in Patients With Type 1 and Type 2 Diabetes.

Lowest rate of 
hypoglycemia/year 
for type 1 diabetes

Lowest rate of 
hypoglycemia/year 
for type 2 diabetes

Highest rate of 
hypoglycemia/year 
for type 1 diabetes

Highest rate of 
hypoglycemia/year 
for type 2 diabetes

Patients 1.0 million 18.2 million 1.0 million 18.2 million
Insulin-requiring patientsa 1.0 million 4.0 million 1.0 million 4.0 million
Hypoglycemia unaware patientsb 200 000 400 000 200 000 400 000
Severe hypoglycemia events 480 000c 840 000c 1 600 000d 2 400 000d

Hospitalizationse 100 800 176 000 336 000 504 000
Cost of hospitalization ($)f 1.8 billion 3.1 billion 5.9 billion 8.8 billion

a22% of patients use insulin.
b20% hypoglycemia unawareness in type 1 diabetes and 9.8% in type 2 diabetes.
cLow annual rate of severe hypoglycemia events.
dHigh annual rate of severe hypoglycemia events.
e21% hospitalization rate for severe hypoglycemia.
fCost of hospitalization for severe hypoglycemia = $17 564.

Table 2.  Effects of Currently Approved Technologies on Key Aspects of Management in Patients With Diabetes.

A1c Hypoglycemia Limitations

CSII
 

1. Cost
2. Socioeconomic barriers

BC
 

1.  Most are not FDA-approved
2.  Meal content not included in calculation

RT-CGM
 

1.  Cost
2.  Low adherence rates

SAP
 

1.  Cost
2.  2 insertion sites

LGTS
 
 

1.  Cost
2.  2 insertion sites
3.  Limited number of studies

LGPS
 
 

1.  Cost
2.  2 insertion sites
3.  Limited number of studies

LGPS systems are approved in the European Union but not yet by the US Food and Drug Administration.
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Limitations.  It is helpful to remember what BCs cannot do 
whether they are phone application, meter-based, or pump-
based. They do not take into consideration several factors 
that could affect the final dose recommendation. These 
include the glycemic index of the carbohydrates in the meal, 
the relative mix of carbohydrate, fat, and protein which may 
affect gastric emptying, and the rate of insulin absorption 
which may vary from injection to injection. The effect of 
exercise is also not included in BCs because the intensity and 
duration of the exercise, which have important and prolonged 
effects on insulin requirements, are difficult to quantitate 
without the input of external devices, for example, 
accelerometers.

Continuous Subcutaneous Insulin Infusion (CSII) 
Pumps

Benefits.  Insulin pumps have been used by patients with type 
1 diabetes for over 30 years. Their effectiveness in improv-
ing A1c has been demonstrated in a number of studies. 
Recent systematic reviews and meta-analyses of those stud-
ies24-26 come to different conclusions about the effectiveness 
of CSII to improve A1c perhaps because of the differences in 
the selection of the studies used in the meta-analyses. Indeed, 
Pickup and Sutton used studies in which the duration of 
treatment was sufficiently long and reported outcomes in 
sufficient detail to draw conclusions about effects on both 
hyper- and severe hypoglycemia. Importantly, they excluded 
studies in which the baseline hypoglycemia rates were 
already low.24 They found that CSII can reduce A1c by about 
0.6% when compared to multiple daily injection (MDI) ther-
apy (with either isophane/lente plus regular insulin or insulin 
glargine plus insulin lispro or aspart) in both adults and chil-
dren. In a separate meta-analysis, Pickup found that in those 
patients whose severe hypoglycemia rate was over 18 epi-
sodes per year that those subjects on MDI had twice the risk 
of hypoglycemia compared to CSII in all patients and 4 times 
the risk in children.27 Thus, patient selection is critical in 
deciding whether or not it is appropriate to prescribe CSII to 
an individual.

There have been only a few randomized clinical trials 
investigating the effect of CSII versus MDI on severe hypo-
glycemia in patients with type 2 diabetes as summarized by 
Golden and colleagues.25 Their meta-analysis showed that 
there was a non–clinically significant decrease in A1c of 
-0.16%, a moderate reduction in mild hypoglycemia, and no 
reduction of severe hypoglycemia. In an observational trial, 
Frias and colleagues found that CSII reduced A1c by 1.2% 
without engendering any episodes of severe hypoglycemia.28 
However, no pre-CSII hypoglycemia rates were reported in 
that study.

Limitations.  While the improvement in A1c and the rate of 
severe hypoglycemia are important, there are numerous 

other factors that predict who will be a successful “pumper” 
as described by Walsh and Roberts.29 A useful questionnaire 
which can help identify patients who are most likely to be 
successful is contained in that book. Many of the factors that 
predict successful management of diabetes in general are, in 
fact, the same ones indicative of success in using an insulin 
pump. In addition, a variety of other factors—many of which 
are socioeconomic—determine who is prescribed an insulin 
pump. In a study of factors that influence the prescription of 
CSII in the United States, the Pediatric Diabetes Consortium 
consisting of 7 independent clinics found that race, income, 
private insurance status, and family structure were all inde-
pendent factors in whether or not a patient was started on an 
insulin pump within 1 year of diagnosis.30 The T1D Exchange 
found that while CSII was more effective in reducing A1c in 
African American compared with whites, after controlling 
for socioeconomic status, CSII was prescribed at less than 
half the frequency in African American children and young 
adults compared with whites.31 Similar factors have been 
found in other countries. In Germany, for example, pediatric 
patients of Turkish origin are half as likely as native Ger-
mans to have an insulin pump prescribed which is indepen-
dent of other socioeconomic factors.32

Real-Time Continuous Glucose Monitors (RT-
CGM)

Benefits.  The accuracy and usability of continuous glucose 
monitors (CGM) have gradually improved over the past 
decade. As opposed to retrospective CGM, real-time CGM 
(RT-CGM) devices offer opportunities to improve both 
hyper- and severe hypoglycemia because they provide 
actionable information to patients in “real-time.” In actual-
ity, there is a delay of 5-15 minutes between the blood and 
interstitial glucose depending on the specific technology but 
such a lag time does not appear to result in a diminution of 
the benefits of these devices.33 Two recent meta-analyses of 
randomized controlled trials showed that RT-CGM was 
superior to self-monitoring of blood glucose (SMBG) in 
reducing A1c by almost 0.4% in both children and adults.25,34 
It should be noted that these meta-analyses include some 
studies in which the patient’s insulin delivery was CSII in 
some cases effectively making them studies of sensor-aug-
mented pumping (see below). RT-CGM appears to benefit 
patients over a range of A1cs, with the most benefit in those 
with the highest A1cs. The benefit of RT-CGM has also been 
demonstrated in an observational trial which showed an 
overall improvement in A1c of 0.4% over a wide range of 
baseline A1cs without an increase in the rate of mild or 
severe hypoglycemia.35

Whether or not RT-CGM improves the rate, severity and 
duration of hypoglycemia in patients with type 1 diabetes is 
not clear at this time. Neither the meta-analyses cited above 
found a significant change in the rate of mild or severe 
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hypoglycemia in either adults or children perhaps because 
the primary endpoints of those studies was change in A1c. 
On the other hand, Floyd et al found a significant decrease in 
the duration of both mild and severe hypoglycemia and an 
increase in the time “in range” (70-180 mg/dl) in those using 
RT-CGM.34 Two studies in which reduction of hypoglycemia 
was the primary end-point did, in fact, demonstrate an 
improvement in hypoglycemia rates although this was in 
mild hypoglycemia.36,37 The severe hypoglycemia rate was 
low36 or zero37 in these studies. The relationship of A1c and 
hypoglycemia is beautifully depicted by Liebl and colleagues 
(Figure 1).38 The effect of RT-CGM on A1c reduction was, in 
general, proportional the baseline A1c. The reduction in the 
rate of hypoglycemia occurred in 3 studies—2 of which were 
those in which the A1c was already at or near goal. With 
higher A1cs there was a neutral effect on hypoglycemia. 
Finally, Choudhary et al found that RT-CGM almost elimi-
nated episodes of severe hypoglycemia in 35 highly selected 
patients who had hypoglycemia unawareness.39 The majority 
of these patients were using an LGTS system, but there was 
no difference in the severe hypoglycemia rates between 
those who used the LGTS system (n = 23) compared to those 
who did not (n = 12).

Like studies using CSII, identifying the patients who are 
most likely to benefit from the technology is critical to dem-
onstrating its effectiveness.

RT-CGM has also been used in patients with type 2 diabe-
tes. Chico et al were among the first investigators to demon-
strate that hypoglycemia was often unrecognized in patients 
with type 2 diabetes whether on MDI or oral agents.40 

Approximately, 47% of their patients had hypoglycemia 
detected only with RT-CGM with 75% of those occurring 
during the night. RT-CGM improves A1c and/or reduces the 
frequency of hypoglycemic episodes in patients with type 2 
diabetes taking prandial insulin.41-44 Yoo also showed that the 
reduction in A1c was accompanied by a reduction in glyce-
mic variability without a significant increase in the rate of 
hypoglycemia.42 We showed that patients with type 2 diabetes 
not on prandial insulin (ie, they were either on oral agents, 
oral agents and insulin glargine, or insulin glargine alone), a 
3-month “dose” of RT-CGM improved A1c at 3 months com-
pared to SMBG and maintained its comparative efficacy over 
the next 9 months without an increase in hypoglycemia.44

Limitations.  It is important to remember that the published 
results of the effects of RT-CGM most likely represent the 
best case estimates for use of the device since highly moti-
vated patients are usually the ones who participate in clinical 
research trials. Even so, patients in those published studies 
did not always use their device as instructed. Several studies 
have documented a direct relationship between the reduction 
in A1c and hypoglycemia with the days per week of use in 
children.45-47 Adults 25 years of age and older benefit when 
they wear the device 60-70% of the time.48

While RT-CGM has been shown to be beneficial to many 
patients with type 1 diabetes, it has not been widely adopted 
to date. The penetration of device use in the United States is 
relatively small, ranging from 4% in adolescents to 21% in 
adults and it is discontinued by 41% of patients within 1 
year.49 There are many possible reasons for this not the least 

Figure 1.  Combined effect of real-time continuous glucose monitoring on changes in A1c and hypoglycemia rates. Source: Liebl et al.38
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of which is cost since even if the patient has insurance the 
out-of-pocket costs from copays can be a significant addition 
to the other substantial costs of managing diabetes. In fact, 
poor and low income persons have higher out-of-pocket 
costs (34%-35%) compared with high and middle income 
persons (10%-24%).50 The fact that CMS does not currently 
pay for RT-CGM precludes many patients with type 1 diabe-
tes who are Medicare beneficiaries from adopting it and pro-
pels those already using the technology to abandon it because 
of the high costs associated with its use. In addition, there are 
other factors that may account for lack of adoption and/or 
abandonment of use. Ramchandani and associates investi-
gated the limitations of RT-CGM in their urban, multiethnic 
pediatric patient population and found that fewer than half of 
their patients who were prescribed the device actually used 
it.51 The main reasons for discontinuation were problems 
with the equipment as well as concerns about its accuracy. In 
addition, many found it intrusive (both physically and psy-
chosocially) and the insertion was painful. In those using 
CSII, some did not want an additional site.

Sensor-Augmented Pumps (SAP)

Benefits.  The combination of RT-CGM and CSII—sensor-
augmented pumping or SAP—would be predicted to be the 
best combination of advanced technologies for improving 
A1c and the rates and severity of hypoglycemia. Bergenstal 
and colleagues demonstrated that SAP produced an overall 
sustained reduction in A1c of 0.6% over 12 months com-
pared to SMBG plus MDI in both adults and children.52 
Most of the benefit was in adults whose A1c decreased by 
1%, while it decreased 0.5% in children. There was a direct 
correlation of benefit with the time of sensor use with a 
1.2% decrease in A1c in those using the RT-CGM 81-100% 
of the time. There was no improvement in the rate of hypo-
glycemia in this study. Among the reasons for this may be 
that the patients who had 2 or more severe hypoglycemic 
events in the previous year were excluded the trial and the 
overall hypoglycemia rate in the study group was 10% of 
that seen in the DCCT trial thus limiting the benefit that 
might have been seen in a higher risk population. This 
observation was confirmed in the meta-analysis by Golden 
et al,25 who found an A1c reduction of 0.68% in 4 studies 
using SAP but no improvement in mild or severe hypogly-
cemic events.

Limitations.  The limitations described for CSII and RT-CGM 
individually also apply to SAP. In addition, the use of 2 
devices requires 2 insertion sites which may be limited in 
some patients and, depending on the brands of pump and RT-
CGM, the necessity of carrying using 2 independent display 
devices. The recent European approval of the Medtronic 
Duo—a single insertion platform which has both the RT-
CGM sensor and the insulin infusion catheter—is a solution 
to the “real-estate” problem, but at the same time introduces 

the need to change the sensor at the same time as the infusion 
catheter thus limiting the time the sensor may be used.

Low-Glucose Threshold Suspend (LGTS) Systems

Benefits.  LGTS systems are an extension of SAP and repre-
sents the first step toward an artificial pancreas. Bergenstal 
and colleagues reported a significant reduction in rate and 
severity of hypoglycemia during a 3 months trial in adults 
using an LGTS system compared to those using SAP without 
an increase in A1c in either group.53 There were important 
inclusion criteria for this study that inform us about who may 
benefit most from this technology. The inclusion criteria 
mandated that patients had to have been a pump user for at 
least the previous 6 months and had at least 2 nocturnal 
hypoglycemic events (≤65 mg/dl) lasting at least 20 minutes 
during the 2-week run-in period prior to randomization. 
These results were confirmed in a study by Ly and colleagues 
who found a reduction in the adjusted incidence rate of hypo-
glycemia after 6 months of use from 34.2 per 100 patient-
months in the CSII group to 9.5 per 100 patient-months in 
the LGTS system.54 The severe hypoglycemia rate decreased 
from 2.2 per 100 patient-months to 0 per 100 patient-months 
and there was no change in the A1c.

Limitations.  The limitations listed above for CGM and CSII 
are also operative here. There was no improvement in the 
quality of life in the ASPIRE study subjects but this may 
have been due to the relatively short duration (3 months) of 
the trial.

Low-Glucose Predictive Suspend (LGPS) Systems

Benefits.  LGPS systems represent the next step in the advance 
toward the artificial pancreas. The LGPS system differs from 
the LGTS system in using a predictive algorithm to suspend 
insulin prior to reaching a predetermined threshold and thus 
would be expected to be more effective in preventing hypo-
glycemia but might result in hyperglycemia. There have 
been a limited number of outpatient studies to date using 
LGPS systems. Maahs and colleagues conducted a study of 
an LGPS system in 45 individuals with type 1 diabetes over 
42 days.55 The study had a novel design in that the LGTS 
feature was randomly turned on or off on each of the 42 
nights of the study and the patients were blinded to that 
action. It also included only patients who were at high risk to 
have hypoglycemia based on a run-in trial. They found that 
there was a 50% reduction in the rate of hypoglycemia and 
the duration of time with glucose levels under 60 mg/dl and 
50 mg/dl were reduced from 23 to 7 minutes and 10 to 2 
minutes, respectively. However, the mean overnight glucose 
was higher on the nights when the LGTS was activated (125 
to 132 mg/dl) and the fasting blood glucose was also higher 
(144 mg/dl compared with 129 mg/dl). Given the relation-
ship of blood glucose to A1c found in the ADAG study,56 it 
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would be predicted that the A1c would increase by approxi-
mately 0.25%-0.5%. Concerns for the possibility that there 
would be large increases in blood glucose with ketosis were 
allayed by Beck and colleagues, who did not find a signifi-
cant rate of ketonemia in a trial of an LGPS system over-
night.57 The clinical significance particularly on long-term 
complication rates of the likely increase in A1c remains to be 
determined but might be mitigated by the fact that the study 
cohort already had a median A1c of 6.8%.

Limitations.  Given the limited number of studies and their 
short duration, it is difficult to estimate at this time whether 
or not there will be any additional limitations of LGPS sys-
tems other than those of SAP and LGTS systems.

Artificial Pancreas (AP) Systems

Benefits.  Several groups around the world are currently study-
ing the benefits and risks of artificial pancreas (AP) systems. 
Studies have progressed from hospital settings to the outpa-
tient world over the last 2 years. Most of these use only insulin 
as the therapeutic agent but at least 2 groups are using bi-hor-
monal systems of insulin and glucagon. The disadvantage of 
insulin-only systems is related to the pharmacokinetics of 
presently available insulin preparations. Nevertheless, Phillip 
and colleagues showed that in subjects who were randomly 
assigned to use either SAP or AP on consecutive nights, the 
AP system reduced both mean glucose (140 mg/dl to 126 mg/
dl) and hypoglycemia rates (22 to 7 per night) compared to 
SAP.58 Leelarathna and colleagues using an insulin-only AP 
system found that subjects using an AP system spent signifi-
cantly greater time in the range of 70-180 mg/dl compared 
with those on SAP (75% vs 62%) but there was no reduction 
in hypoglycemia over 7 days at home.59 Russell and colleagues 
used an insulin-glucagon AP system which they call the 
“bionic” pancreas” in adult and adolescent outpatients.60 The 
adults were under close observation but permitted to work, eat, 
exercise and sleep in the downtown Boston area. The adoles-
cents were at a diabetes camp and closely supervised by the 
camp staff. Both groups had a reduction in their mean blood 
glucose (adults decreased by 26 mg/dl; adolescents decreased 
by 19 mg/dl) during the study. Extrapolated to a longer time 
horizon, this would correspond to a decrease in A1c of 0.8% 
and 0.6%, respectively. The adults but not the adolescents had 
a reduction in the hypoglycemia rate, perhaps due to the closer 
supervision and more rapid response to hypoglycemia that 
was provided to the adolescents by the camp staff. The num-
ber of carbohydrate interventions was significantly reduced 
(by 50%) in the adolescents.

Limitations.  AP systems are rapidly progressing, but to date 
the number of subjects and duration of the trials are too lim-
ited to know what their limitations are. It will be critical to 
assess the robustness of the hardware and software in larger 
studies. This includes the efficacy of the alarms in these 

robotic systems since it is well-known that many patients 
disable alarms in their RT-CGM and CSII devices because of 
alarm fatigue.

Cost-Effectiveness

As noted above there are a number of barriers to using tech-
nology related to physical, socioeconomic, and educational 
factors. However, one of the most important at this time is 
cost since most of the currently available technologies that 
can improve hypoglycemia and A1c simultaneously are 
expensive although not dissimilar to the costs of newer phar-
maceutical agents that have favorable hypoglycemia profiles 
such as glucagon-like peptide-1 (GLP-1) receptor antago-
nists, dipeptidyl peptidase-4 (DPP-4) inhibitors, and sodium-
glucose transporter-2 (SGLT-2) inhibitors. Ideally, there 
should be head-to-head studies comparing the efficacy and 
cost-effectiveness of an advanced technology to one of the 
newer pharmacologic agents.

In cost-effectiveness studies, a good value is considered to 
be an incremental cost-effectiveness ratio (ICER) of $50 000 
per quality-adjusted life-years (QALY), although it may 
extend to as high as $300 000/QALY in the United States.61 
Around the world, the threshold for QALY may differ from 
that in the United States. The World Health Organization sug-
gests that the cost per QALY should be equal to 3 times the 
per-capita gross domestic product of a country.62

There have been a limited number of cost-effectiveness 
studies of CSII. A recent summary of the studies comparing 
CSII to MDI in adults and children with type 1 diabetes 
found that most of the technology interventions were cost-
effective.63 SAP did not demonstrate cost-effectiveness,64 but 
that study modeled the results of the STAR 3 trial in adults 
which compared SAP to multiple dose insulin with self-mon-
itoring of blood glucose not RT-CGM.65 Thus, the results did 
not really reflect the cost-effectiveness of the pump therapy 
since there were differences in both insulin delivery and glu-
cose monitoring between the intervention and control groups. 
Studies analyzing cost-effectiveness of CSII in patients with 
type 2 have not been done, although David and colleagues 
found that the cost of the pump and supplies would be offset 
in 3 years because of lower insulin utilization.66

There have been 3 cost-effectiveness studies of RT-CGM 
in patients with type 1 diabetes (Table 3). Huang and col-
leagues modeled the Juvenile Diabetes Research Foundation 
(JDRF) RT-CGM trials but their calculations did not include 
any cost savings resulting from mitigation of severe hypo-
glycemia.67 They found that the technology was cost-effec-
tive with an ICER of $78 943/QALY for the A1c <7% cohort, 
that is, those patients who had a significant reduction in 
severe hypoglycemia. McQueen and colleagues found a 
somewhat lower ICER of $45 033/QALY but this also did 
not include cost-reduction from severe hypoglycemia avoid-
ance.68 Ly and colleagues estimated the incremental cost of 
RT-CGM as part of a LGTS system and did include the costs 
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associated with severe hypoglycemic events such as hospital 
admission, accidents, emergency visits, and ambulance calls. 
They found that the cost per QALY was AUS$40  803 in 
patients ≥12 years.69 Finally, Graham and colleagues, model-
ing the cost saving of RT-CGM using the same assumptions 
noted above,10-16 found that RT-CGM reduced the yearly cost 
of hypoglycemia by 13% in a population of 10 million 
insured patients.70 The cost-effectiveness of using RT-CGM 
in patients with type 2 diabetes not on prandial insulin was 
evaluated by Fonda and colleagues.71 They found that the 
ICER was $8896/QALY gained.

Conclusions

The advanced technologies reviewed herein have, in general, 
produced meaningfully improvements in A1c with either an 
improved/neutral effect on hypoglycemia, or they have 
reduced hypoglycemia rates with an improved/neutral effect 
on A1c or plasma glucose. The existing literature provides evi-
dence to counter the assertions in Rosenthal’s New York Times 
article, which overlooked many important advantages of dia-
betes technologies, not the least of which is their effect on 
hypoglycemia since fear of hypoglycemia on the part of both 
patients and physicians is one of the major barriers that pre-
clude more aggressive glycemic management In addition, it is 
clear that hypoglycemia is costly. It not only represents a sig-
nificant component of the overall costs of diabetes treatment, 
but by preventing the A1c lowering in many patients it may 
also limit the ability to reduce the costly micro- and macrovas-
cular complications. Finally, our A1c-centric world misses the 
boat on how to best assess an intervention whether it be one 
using technology or pharmacotherapy. It behooves us to find a 
single metric that incorporates the effect on both A1c and 
hypoglycemia to assess an intervention so that patients, pro-
viders, payers, regulators, and the lay press can properly 
understand the full impact of a new therapy.
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