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Abstract
Diabetes mellitus affects people worldwide, and management of its acute complications or treatment-related adverse events is particularly important in critically ill patients. Previous reports have confirmed that hyperglycemia can increase the risk of mortality in patients cared in the intensive care unit (ICU). In addition, severe and multiple hypoglycemia increases the risk of mortality when using insulin or intensive antidiabetic therapy. The innovation of continuous glucose monitoring (CGM) may help to alert medical caregivers with regard to the development of hyperglycemia and hypoglycemia, which may decrease the potential complications in patients in the ICU. The major limitation of CGM is the measurement of interstitial glucose levels rather than real-time blood glucose levels; thus, there will be a delay in the treatment of hyperglycemia and hypoglycemia in patients. Recently, the European Union approved a state-of-art artificial intelligence directed loop system coordinated by CGM and a continuous insulin pump for diabetes control, which may provide a practical way to prevent acute adverse glycemic events related to antidiabetic therapy in critically ill patients. In this mini-review paper, we describe the application of CGM to patients in the ICU and summarize the pros and cons of CGM.
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Core Tip: Management of diabetes mellitus induced acute complications or treatment-related adverse events is particularly important in critically ill patients. The innovation of continuous glucose monitoring (CGM) helps medical staffs to alert the emergence hyperglycemia and hypoglycemia, which may decrease potential complications in patients in intensive care unit. The major limitation of CGM is the measurement of interstitial glucose levels rather than the real-time blood glucose levels; thus, there will be a time gap in the appropriate treatment of hyperglycemia and hypoglycemia in patients. The European Union approved a state-of-art artificial intelligence directed loop system coordinated by CGM and a continuous insulin pump for diabetes control, providing a practical way to prevent acute adverse glycemic events related to antidiabetic therapy in critically ill patients.



INTRODUCTION
Diabetes mellitus (DM) affected 451 million people in 2017 and will increase to 693 million by 2045[1]. Chronic hyperglycemia can lead to a high risk of DM complications. In contrast, interventions for DM may result in an episode of severe hypoglycemia, particularly with intensive treatments[2]. In addition, glucose deviations are related to oxidative stress, which increases the risk of complications[3] especially in critically ill patients[4–6], highlighting the issue of balancing blood glucose. The best way to control DM is to know the immediate level of blood glucose in an affected individual to prevent sustained hyperglycemia, incident hypoglycemia, or glucose changes. Currently, measurements of fingerstick blood glucose and HbA1c are widely applied. HbA1C is mainly used to detect the mean blood glucose in the past 3 to 4 mo. However, there were disadvantages when using these two methods. Fingerstick blood glucose can detect only one instant blood glucose; therefore, it does not represent long term day-to-week blood glucose levels. Although the HbA1c level represents the mean blood glucose in the past 3 mo, it does not reflect the fluctuations of blood glucose. To solve these shortcomings, a continuous glucose monitor (CGM) is a device developed to monitor interstitial glucose levels by a mini-invasive subcutaneous sensor[7].
CGM has two styles: Professional CGM (retrospective) and real-time CGM (RT-CGM). The main manufacturers, including Medtronic Guardian Connect, Dexcom G5/G6, and Abbott Freestyle Libre, have developed their CGM products for the market. Medtronic 630G and 670G can be integrated with an insulin pump, which requires at least two fingerstick calibrations per day. In contrast, the Dexcom and Abbott products are factory settings and do not need self-calibration. The Abbott Freestyle Libre is a flash glucose monitoring system belonging to a kind of retrospective CGM device that cannot provide real-time glucose levels. The mean absolute relative difference (MARD) defines the average of the absolute error between all CGM values and matched reference values[8], and a lower number means better accuracy. The MARDs of all of these devices are less than 10%. Since 2013, most professional CGMs have been used in outpatients, aimed at monitoring the glucose level without an alert below or beyond the cautious limits (blinded). A comprehensive reading of the interstitial glucose concentration data from the diabetic examinees was retrospectively performed in the hospital. According to the retrospective data from the professional CGM, the physicians would prescribe or make adjustments for the dosage or times that antidiabetic medications are given and lifestyle modifications, including diet and exercise, for the examinees. Thanks to an improvement in biotechnology of artificial intelligence and wearable devices in the last 4 years, RT-CGM has been developed and widely used in outpatients or inpatients with instant alerts (nonblinded).
The RT-CGM system is mainly comprised of 3 components: The biosensor, transmitter and monitor (Figure 1). The biosensor is a tiny cannula penetrating the skin to obtain glucose levels in interstitial fluid. The biosensor must be changed every 7-14 d, and some biosensors can be used for a maximum of 90 d (Senseonics Eversense). The transmitter of RT-CGM is a small, coin-like, and reusable device that is connected to the biosensor to send the measured data of interstitial glucose levels wirelessly. Finally, the monitor receives the wireless real-time interstitial glucose signal. Some monitors can be applied to a smartphone so that patients can bring their own smartphone every time. The monitor can show real-time glucose levels and provide feedback in time when the interstitial glucose level is too high or too low. The smartphone can also send glucose readings to the cloud, and the medical staff can access the data and give advice to the outpatient clinic instantly. Finally, the large amount of data of glucose levels can be analyzed to produce an output that combines the glucose readings and suggested medications, diet and exercise amount through the cloud system.

PROS OF CGM IN ICU
RT-CGM was first applied in the intensive care unit (ICU) in 2003[9], and an error grid analysis showed that 60%-70% of the interstitial glucose levels obtained from the RT-CGM were clinically accurate and defined by a deviation of arterial blood glucose level < 20% using the glucometer[9]. According to the current evidence, tight glucose control can lower the risk of postoperative infection rates, short-term mortality and length of ICU stay in patients undergoing a major operation in the surgical ICU; however, it may also increase the risk of hypoglycemic episodes[10,11]. In addition, a previous review study reported that 22.4% of patients on tight glucose control experienced at least one hypoglycemic episode, defined as a blood glucose level less than 82 mg/dL, and more severe hypoglycemia events were associated with a higher risk of in-hospital mortality[12]. Another study also confirmed that the consequences of multiple hypoglycemic episodes were associated with a higher 90 d mortality in patients in the ICU[13]. Hypoglycemic events are commonly observed in the ICU, not merely in patients on antidiabetic therapy but also in those with a fasting status, severe sepsis or hepatic failure. The RT-CGM was found to reduce the absolute risk of severe hypoglycemia by 9.9% in critically ill patients under mechanical ventilation and continuous insulin infusion therapy[14]. Moreover, several studies have uncovered that having a greater glycemic variability of patients in the ICU was associated with a higher risk of in-hospital mortality independent of the mean level of blood glucose and incident hypoglycemia[6,15]. Therefore, frequent monitoring of blood glucose levels is very important in critically ill patients in the ICU; however, it is time-consuming and labor-intensive, especially in those with acute severe complications related to diabetes, such as diabetic ketoacidosis or hyperglycemic hyperosmotic syndrome. In these situations, the frequency of testing for blood glucose level is performed every 1-2 h. CGM provides an alternative method to estimate the subcutaneous interstitial glucose levels, which correlate well with the blood glucose levels and decrease the workload of ICU members due to the calibration only obtained 2-3 times per day. Another advantage of using a CGM is that if patients who need frequent monitoring of blood glucose levels are highly contagious, the risk of infectious microbial transmission to medical staff in the ICU might increase. Using CGM can decrease the caregiver’s time of contact with the patient and thus reduce the risk of infection, particularly in the COVID-19 pandemic[16].

CONS OF CGM IN THE ICU
Although severe hypoglycemic episodes can be reduced by using RT-CGM, it may not improve glycemic control (time above range or time in range) compared with intensive insulin therapy following the guidance of an algorithm[14,16,17]. Additionally, artificial intelligence can analyze the glucose level readings, medications and food automatically and predict mortality[18]. Recently, many closed-loop systems of integrated CGM and automated insulin delivery have been investigated and approved for specific groups of people[19]. Few major disadvantages of applying CGM to patients in the ICU are noted. First, the transportation of glucose from the blood to the subcutaneous interstitium takes 15-20 min[7]. The lag time should be taken into account if the levels of glucose highly fluctuate. Second, the lifespan of the biosensors is relatively short, approximately 7 d. Third, CGM needs calibration by fingerstick glucose, which is usually 2-3 times per day. Fourth, the timing of calibrations should be avoided after eating as the blood glucose level increases sharply and might not be increased in parallel to the glucose level in the interstitial fluid at the same time. Fifth, the readings for glucose levels are limited. For instance, the range of glucose levels can be merely within 40-400 mg/dL in Medtronic devices, which limits the surveillance range in critically ill patients. Finally, there is still a lack of adequate evidence for the correlation of glucose levels between the blood and interstitial fluids in patients with severe generalized edema, such as those with hypoalbuminemia and hepatic failure.

CONCLUSION
According to the latest evidence, using RT-CGM to monitor the interstitial glucose levels can reduce severe hypoglycemic events and may improve glycemic variability for patients cared for in the ICU. Whether these advantages of RT-CGM can decrease the risk of overall mortality in critically ill patients requires further investigation. In the COVID-19 pandemic, RT-CGM provides an alternative way to monitor the blood glucose levels of patients in need of care and reduce the ICU caregivers’ risk of infections due to the reduction in frequent contact with the affected patient merely for blood glucose testing. In the future, noninvasive and low-cost CGM may become more convenient in the ICU or outpatient use[20].
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Figure 1 Three major components of the real-time continuous glucose monitor.
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