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Abnormal blood glucose (BG) levels often seen in critically ill horses are significantly associated with adverse patient outcomes and increased mortality. Rapid and accurate BG monitoring is now considered an essential component of evidence-based equine practice and can provide critical information quickly for treatment. Although several point-of-care (POC) BG monitoring hand-held devices are commercially available for veterinary use, none contains a unique algorithm validated for use in horses. The AlphaTrak 3 (AT3) BG monitoring system is a first-of-its-kind device with an equine-specific algorithm that allows stall-side clinical decision making, and frequent monitoring at minimal cost. As such, AT3 is potentially a preferred alternative to more costly and time-consuming standard diagnostic reference laboratory methods. The objective of this study was to determine the accuracy of the AT3 device in measuring BG levels in equine whole blood samples in comparison to results obtained by the Beckman Coulter AU480 reference analyzer per ISO15197:2013 specifications. Accuracy of the AT3 equine algorithm were initially verified by testing equine blood samples with artificially adjusted blood glucose levels followed by its validation in a field study. Testing with artificially adjusted equine samples (n = 129) showed that 98.9% of glucose measurements ranging from 29 to 479 mg/dL fell within ISO accuracy threshold of ±15 mg/dL or ±15% of the average reference value. In addition, 100% of the AT3 measurements fell in consensus error grid (CEG) zone A, which indicates that test outcomes have a minimal likelihood of adverse clinical impact. In a follow-up field study involving 96 horses, 98.4% of AT3 measurements met the ISO accuracy threshold and 99.2% of AT3 measurements fell in CEG zone A. These results demonstrate that the AT3 glucometer has a high degree of accuracy in horses and is a dependable, convenient, and cost-effective device for accurately monitoring equine BG levels in farm or clinical settings.
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1 Introduction

Blood glucose (BG) is tightly regulated in healthy horses, with normal reference ranges variously established at 62–134 mg/mL (3.4–7.4 mm/L), 76–131 mg/dL (4.2–7.3 mm/L), and 70–135 mg/dL (3.9–7.4 mm/L) depending on the source (1, 2). Hypoglycemia, hyperglycemia and glucose variability, on the other hand, are associated with a variety of morbidities in horses. For example, prior studies found that septic and critically ill foals with relatively low or hypoglycemic BG concentrations at presentation had significantly reduced survival rates from birth to 96 h compared to foals with higher BG levels (3, 4). A study of critically ill neonatal foals (n = 515) presented at veterinary school hospitals found that >70% were either hypoglycemic (34.4%) or hyperglycemic (36.5%) at the time of admission (5). Glucose dysregulation in horses is known to be associated with acute gastrointestinal disease and suboptimal survival rates (1, 2). In one study, >50% of horses (n = 269) presenting with acute abdominal disease were hyperglycemic and had significantly reduced short-term (p < 0.05) and long-term (p < 0.016) survivability (2).

A discordant BG level by itself may not have been the primary cause of increased mortality in these studies. However, the authors collectively concluded that BG appears to be a strong and readily accessible surrogate indicator of various biological factors that contribute to equine mortality (1, 2). It is apparent that the extent and duration of equine BG concentrations outside the normal range are significantly associated with adverse patient outcomes, poor prognosis, reduced post-diagnosis duration of survival, and increased mortality.

As the role of BG dynamics in equine homeostasis and disease etiology is becoming better understood, rapid and accurate methods of glucose monitoring are considered an essential component of evidence-based equine practice. Particularly in critical care settings, serial on-site BG monitoring enables veterinarians to promptly identify hypo- and hyperglycemia in horses and initiate rapid intervention, including glucose regulation and other treatment protocols. The need for aggressive BG monitoring is increasingly relying on point-of-care (POC), stall-side glucometers as a preferred alternative to more costly and less timely analysis by diagnostic reference laboratories.

Portable, hand-held POC glucometers are the most commonly used devices for BG monitoring in clinical practice and at-home (6, 7). While portable POC glucometers have been in widespread use for diabetes management in human healthcare since the 1970s (8), these devices have been adopted more gradually in veterinary medicine. In the past two decades, studies have evaluated the accuracy of POC glucometers in cats, dogs, calves, laboratory animals, and non-human primates, with varying degrees of diagnostic accuracy (8–12). Particularly in equine critical-care cases where BG dysregulation is associated with increased mortality (1–4), the importance of accurate and prompt BG monitoring is being increasingly recognized. In horses, accuracy of portable POC glucometers has been reported in numerous studies in the U.S., Europe, and Australia (5, 9, 11, 13–19).

In most cases, POC glucometers evaluated in animals were originally developed for use in humans rather than in domestic animal species (14). However, expert opinion suggests that human glucometers should be avoided for measuring BG levels in animals because of the lack of equivalence in interspecies glucose distribution (14, 20). For example, glucose distribution in humans is closely divided between plasma (58%) and erythrocytes (42%), while plasma glucose distribution is 93% in cats, 87.5% in dogs, and 84% in rats (8, 14). Others have noted that species-specific pathophysiology may create bias in BG concentration (15), and that species differences in erythrocyte morphology and size may affect erythrocyte glucose concentration (8, 10). For these reasons, current canine and feline diabetes management guidelines go so far as to recommend against using human glucometers in dogs and cats (20). The preferred alternative is to use POC glucometers that have been specifically validated for each species in which they are used.

The on-market AlphaTrak 2 (AT2) BG monitoring system (Zoetis, Parsippany, NJ, USA) is an accurate, easy-to-use, handheld POC glucometer that requires a small sample volume (≥0.3 μL) to provide results in seconds, and developed for veterinary use, specifically for dogs and cats. AlphaTrak 3 (AT3) is a next-generation POC glucometer with applicability both in clinical and on-farm settings, with online connectivity capability and a first-of-its-kind equine-specific algorithm. The ability to accurately measure BG quickly will allow for early intervention to correct the issue and potentially improve outcomes in patients. The objective of this study was to determine the accuracy of the AT3 glucometer in measuring BG levels in horses using an equine algorithm and validating the AT3 results by comparing them with BG values obtained by a reference laboratory method.



2 Materials and methods


2.1 AlphaTrak 3 blood glucose monitoring system

AlphaTrak 3 (Zoetis, Parsippany, NJ, USA) is a veterinary BG monitoring system, which can selectively use algorithms for cats and dogs. This POC device can measure glucose levels from capillary or EDTA or heparin anti-coagulated venous whole blood (WB) sample volumes ≥0.3 μL with hematocrit levels ranging between 15 and 65%. A lancing device with single-use replaceable lancets included as part of the AT3 system ensures the safe collection of the capillary blood required to perform a test. When a test strip (TS) for capturing the blood sample is inserted into this glucometer, the device is activated. Following application of a blood sample, the TS draws the sample into the sample-receiving chamber for analysis. Accurate results for BG levels ranging from 20 to 750 mg/dL (1.1–41.7 mmol/L) are typically displayed within 5 min. The system includes Bluetooth-enabled, web-based, and mobile applications that facilitate the sharing, storing and transfer of test results via the internet to a veterinary clinic. The AT3 mobile app can also programmed to receive reminders for follow-up tests.



2.2 Accuracy of AT3 system in measuring artificially adjusted equine blood samples

Venous WB samples derived from 60 different horses (31 male and 29 females, age, 3–22 years, hematocrit levels, 23–40%) in vacutainer heparin tubes were utilized for this study. Following equilibration of the blood sample to room temperature, the basal level glucose concentration of each sample was measured on the YSI 2900 Biochemistry Analyzer per manufacturer’s instructions by separating plasma by centrifugation at 3000 rpm for 5 min. The WB samples were artificially adjusted to generate a set of 129 blood samples with different glucose levels ranging from 29 to 479 mg/dL, which included (1) 60 unaltered blood samples in the normal glucose range, (2) 60 samples spiked with 20% condensed glucose solution to generate samples in the hyperglycemic range, and (3) 9 samples incubated at 37°C for ≤24 h to deplete their glucose levels to the hypoglycemic range. Glucose concentration of a given blood sample was measured using 2 test strips per each of three different lots on six AT3 devices. At the end of testing on the AT3 devices, leftover blood from the same sample were centrifuged immediately to separate plasma, which were stored at −80°C until shipped for reference testing. The same operator sequentially repeated the above testing protocol with each of the remaining blood samples with different glucose levels on AT3 devices generating a total of 774 measurements.



2.3 Validation of an equine-specific algorithm in a field study

As the prevalence of hypoglycemia is common in foals, the accuracy of the AT3 equine algorithm in measuring hypoglycemic equine samples was further validated in a field study involving 96 horses that belong to 18 different breeds (Arabian, American saddlebred, Thoroughbred, Quarter horse) of various ages (4–25 years). All horses were maintained at an equine farm at William Woods University, Fulton, Missouri. Venous WB samples collected in two vacutainer EDTA tubes (approximately 3.0 mL each) from each horse. An attending veterinarian supervised collection of equine venous blood samples and BG testing using the AT3 system. Immediately after collection, BG concentration of a given sample in tube 1 was concurrently measured in duplicate using three TS lots on three AT3 meters. Within 10 min after testing on AT3 devices, the leftover sample in tube 1 was centrifuged, and the plasma fraction was stored at −20°C until shipped for reference testing. Blood samples in tube 2 were subjected to glycolysis at 37°C for 1 h to deplete BG concentrations to a hypoglycemic range of approximately 66–105 mg/dL and tested on AT3 devices as described above using three strip lots. Immediately following AT3 testing, plasma was separated from the leftover glucose depleted sample in tube 2 by centrifugation and stored at −20°C until shipped for reference testing.

Testing of remaining WB samples and their corresponding glucose depleted samples was performed on the AT3 devices as described above. All plasma samples from both sets of collection tubes (fresh blood and glucose depleted) were then submitted for reference glucose testing. At the conclusion of the study, the AT3 testing data were submitted for biometric analyses.

At the end of each day of testing, all plasma samples were shipped overnight on ice to a Zoetis reference laboratory (San Diego, CA, USA) to measure glucose concentration on the reference Beckman Coulter AU480 Biochemistry Analyzer in triplicate.



2.4 Data analyses and acceptance criteria

ISO 15197:2013 guidelines were used to assess the accuracy of the AT3 device as compared to Beckman Coulter AU480 Chemistry analyzer reference measurements. The ISO 15197:2013 criteria stipulate that (1) 99% of all results are required to be in Zones A and B of the CEG, and (2) at glucose concentrations <100 mg/dL (< 5.55 mmol/L), 95% of the test results are required to be within ±15 mg/dL (±0.83 mmol/L) of the average reference value, and at glucose concentrations ≥100 mg/dL (≥5.55 mmol/L), 95% of the test results are required to be within ±15% of the average reference value. Clinical relevance of the AT3 system measurements were analyzed by Consensus Error Grid (CEG) distribution (21, 22). The CEG process is divided into five zones, which are defined by estimated risk to the animal if a result falls within a respective zone. Zones A and B indicate little or no adverse clinical effect of the test outcome. The deviation (bias) of BG values measured by AT3 versus the values measured by the reference analyzer were calculated. Bias plots displayed the BG values measured by AT3 in comparison to the average reference (6).




3 Results

At the BG concentrations tested in this study, 98.96% (766 out of 774) of AT3 measurements fell within the ISO accuracy limits when analyzed with the equine algorithm for all three strip lots. A small subset 1.04% (8 out of 774 measurements) of equine measurements fell outside ISO accuracy threshold. Results confirm that accuracy of the AT3 system were maintained across a broad range of BG values (29–479 mg/dL) including equine blood samples with artificially adjusted BG levels. Bias plots of the AT3 accuracy study test results versus the laboratory reference standard show that all three TS lots provided a high degree of compliance with the ISO standard, and that all three TS lots produced comparable accuracy results (Figure 1). Out of 258 AT3 measurements per each of three TS lots, (three different production runs), the number of AT3 measurements fell outside the reference range were 3, 2, and 3, respectively. Consensus error grid plots for all three strip lots illustrate that 100% of BG test values fell within CEG zone A, indicating that deviation of AT3 test results from the reference standard represented no adverse clinical risk (Figure 2).
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FIGURE 1
 Bias plots for AT3 blood glucose results versus the Beckman Coulter AU480 laboratory reference method when tested with artificially adjusted equine blood samples (258 measurements per test strip lot). Upper and lower lines mark the upper and lower limits of ISO15197:2013 accuracy criteria, respectively.
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FIGURE 2
 Consensus error grid (CEG) analysis of the AT3 system when tested with artificially adjusted equine blood samples (258 measurements per test strip lot).


The accuracy of the AT3 equine algorithm in measuring hypoglycemic equine samples were further validated in a field study. Whole blood samples from 96 horses, including a subset of corresponding 87 glucose depleted samples, provided a total of 183 samples with BG levels ranging from 65 to 105 mg/dL for analysis. Testing 183 equine blood samples on duplicate test strips generated a total of 365 glucose measurements (one sample measurement was recorded incorrectly and eliminated from the analysis). Of the 365 AT3 measurements, 98.3% (345/351) of measurements at glucose concentrations <100 mg/dL were within the ISO accuracy threshold of ±15 mg/dL of the average reference value (Table 1). Additionally, 100.0% (14/14) of measurements at glucose concentrations ≥100 mg/dL were within the ±15% of the average reference value. The bias plot for the field study shows that all BG values measured by the AT3 system were within the ISO accuracy limits (Figure 3). A CEG plot for (Figure 4) shows that 99.2% (362/365) of BG samples measured by the AT3 system were within zone A and the remaining 3 samples were within zone B (Figure 4), thus meeting ISO criteria.



TABLE 1 Accuracy of AlphaTrak 3 blood glucose monitoring system in measuring equine glucose levels in a field study.
[image: Table1]
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FIGURE 3
 Bias plots for AT3 blood glucose results versus the Beckman Coulter AU480 laboratory reference method measured in the field study.
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FIGURE 4
 Consensus error grid (CEG) analysis of the AT3 measurements measured in the field study.




4 Discussion

The AT2 system were developed for veterinary use with validated algorithms for accurate measurements of glucose levels in canine and feline blood samples. However, the AT2 feline algorithm was determined to be appropriate in testing equine blood samples. When used in horses (n = 50) and foals (n = 50) in an earlier study, the AT2 system had a median bias of 6.1% in adult horses and 5.0% in foals when BG levels were compared to Hitachi 917 Blood Chemistry System results, and 97% of BG values were within CEG zone A (14). The AT3 system is the next generation version of AT2 glucometer with connectivity capability and a first-of-its-kind equine-specific algorithm.

The principal outcome of this study was the confirmation that equine algorithm used in the AT3 system was well within the ISO 15197:2013 accuracy limits when compared to the BG concentrations measured by Beckman Coulter AU480 analyzer and YSI 2900 analyzer (unpublished data). Overall, at the glucose concentrations tested in this study, >98% of AT3 measurements fell within the ISO accuracy limits when analyzed with the equine algorithm for three different strip lots. Additionally, both AT3 feline and canine algorithms performed equivalently in measuring equine blood samples, but their accuracy was slightly lower as compared to the performance of AT3 equine algorithm (unpublished data).

As a measure of glucometer performance, the CEG was developed as an alternative to a straightforward bias percentage of BG samples that meet the ISO standard (21, 22). Each of the five CEG zones represents a degree of clinical risk posed by the BG test deviation from the reference method, progressing from zone A (accurate measurement with no effect on clinical outcome) to zone E (measurement error could have dangerous consequences). The AT# device, with the equine algorithm, performed reliably for reporting BG concentrations. In this study, 100.0% of AT3 measurements were within CEG zones A and B, indicating that any AT3 measurement deviation from the reference standard pose little or no clinical risk to the horse. Zone B indicates benign measurement error with little or no effect on clinical outcome (6, 21, 22).

Although nearly all horses in this study had BG values in zone A of the CEG, individual deviation from the reference standard tended to increase as BG levels rose (Figure 1). This was consistent with results of other studies measuring BG levels and glucometer performance in various species (6, 9, 10, 15, 17, 23). Previous studies have reported variations in results for different lots of test strips in the same glucometer and even when different glucometers of the same model using test strips from the same lot are compared (24, 25). In our study, analysis of each BG sample using multiple TS lots and AT3 glucometers helped negate the effects that any variations in testing system components may have had on assay results. No significant TS lot-to-lot variability were observed (unpublished data). In clinical practice, hematocrit values outside the normal range can also affect the accuracy of glucometer results (10, 26). While the high degree of diagnostic accuracy of the AT3 device in horses is encouraging, it is still good practice to confirm POC glucometer results that are aberrant, inconsistent with clinical findings, or highly variable for the same patient from one test to the next by reassessing the outcomes by means of laboratory analysis (18).

Collectively, the accuracy bias and CEG results from our study affirm that the AT3 system has a high degree of accuracy for BG measurements in horses. While laboratory assays remain the gold standard for BG measurement, this approach is impractical for serial monitoring of BG levels in-clinic or on-farm settings. Ease of use, a wide BG dynamic range, rapid determination of assay results, the need for only ≤0.3 μL blood sample, relatively low cost, and online connectivity represent advantages of the AT3 device versus laboratory assays.

The AT3 glucometer with an equine-specific algorithm and connectivity capability is an improvement over its predecessor AT2 system and represents a reliable and cost-effective method for accurately monitoring BG levels in horses on-farm, in-clinic, or laboratory settings to better address patient needs in a timely manner.
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