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ABSTRACT
Background: Studies are currently being conducted on rabbits requiring serial glucose monitoring. The FreeStyle Libre 2 (FSL2),
a serial glucose monitoring device, has been validated in humans, dogs and cats, but not in rabbits.
Objectives: This study aimed to evaluate the accuracy of the FSL2 in rabbits.
Methods: Six healthy rabbits were used in this study. Interstitial glucose (IG) was measured using the FSL2, and blood glucose
(BG)wasmeasured using a portable blood glucosemeter (PBGM); their resultswere comparedwith those froma clinical chemistry
analyser. For the first 3 h, IG andBGweremeasured at 1-h intervals. Subsequently, theyweremeasured every 8 h over a 48-h period.
Regular insulin 0.2 U/kg was then administered to the rabbits, and IG and BG were measured every 15 min over a 90-min period.
Results: Before insulin treatment, no measurements fell within the hypoglycaemic range (BG < 100 mg/dL). In the euglycaemic
range (BG≥ 100mg/dL), the PBGM and FSL2 showed 85.7% and 23.8% accuracies, respectively. After insulin treatment, the PBGM
showed 95.5% and 81.3% accuracies in the hypoglycaemic and euglycaemic ranges, respectively. The FSL2 showed 68.1% and 37.5%
accuracies in the hypoglycaemic and euglycaemic ranges, respectively. Parkes consensus error grid analysis showed that the PBGM
and FSL2 had 100% agreement for Zones A (no effect on clinical action) and B (altered clinical action unlikely to affect outcome)
in rabbits with and without insulin treatment.
Conclusions: There was limited agreement between the FSL2 and reference standard BG measurements. However, the FSL2
allows clinically acceptable identification of hypoglycaemic states in rabbits.

1 Introduction

The use of rabbits in experimental research has a long historical
tradition because they possess desirable characteristics as labora-
tory animal models, including a long lifespan, ease of handling,
and relatively low cost (Wang et al. 2010). In experiments using

rabbits, such as diabetic models and insulin-induced hypogly-
caemia, serial blood glucose monitoring is essential (Díez et al.
2013; Wada et al. 2019).

Chemistry analysers employing hexokinase methods are consid-
ered standard for evaluating blood glucose (BG) concentrations
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(Neeley 1972). However, these laboratory methods require rela-
tively large sample volumes and are time-consuming. Therefore,
these methods have limitations in experimental rabbit studies.
Portable blood glucose meters (PBGM) offer researchers a means
of promptly assessing BG concentrations while requiring only
a small sample volume. Some PBGMs have been validated for
use in rabbits through comparison with a hexokinase reference
method (K. Silva et al. 2020; DeClue et al. 2004). However,
they have certain drawbacks, such as the need for repeated
venipunctures, which can be stressful and painful for the animals.
Rabbits present challenges for vascular access because of their
small blood vessels, making repeated blood sampling difficult.
PBGM also carries the risk of missing BG peaks or nadirs, if
they occur between two sampling times. Thus, the application of
the PBGM is limited in experiments that require serial glucose
measurements or the detection of hypoglycaemia over time.

The FreeStyle Libre 2 (FSL2), a continuous glucose monitoring
system (CGMS), is routinely used in human patients with dia-
betes, and several studies have confirmed its clinical accuracy in
veterinary medicine (DeClue et al. 2004; Deiting and Mischke
2021; Wiedmeyer et al. 2005). The FSL2 measures interstitial
glucose (IG) levels with a small catheter inserted under the skin
that records measurements, with readings automatically stored
at 15-min intervals. These characteristics of FSL2make it possible
to overcome the shortcomings of the PBGM. Furthermore, they
allow for the evaluation of glucose trends over timewhile decreas-
ing the overall cost of care and blood sampling-associated patient
discomfort (Shea and Hess 2021). The FSL2 is a flash glucose
monitoring system that has been validated in various mammals,
including humans, dogs and cats. This device can be simply
applied to rabbits to ameliorate the overall blood sampling-
associated stress, which potentially affects BG levels. However,
the accuracy of the FSL2 has not yet been evaluated in rabbits.

Thus, the aim of this study was to evaluate the analytical and
clinical accuracy of the FSL2, including its accuracy in rabbits
with insulin-induced hypoglycaemia, according to ISO 15197:2013
criteria.

2 Materials andMethods

2.1 Animals

Six White New Zealand rabbits (three males, three females) aged
5 months and weighing 3.54–3.94 kg (median, 3.66 kg) were
included in the study. The rabbits were given free access to
commercial pellet feed and water and were housed individually
in suspended wire cages with automatic water dispensers and
manual feeders. The rabbits were maintained under a 12-h
light–dark cycle at a temperature (19◦C–24◦C) and humidity
(40%–70%). This study was approved by the Institutional Animal
Care and Use Committee (CBNUA-2038-22-01).

2.2 Glucose Measurement

Onehour before glucosemeasurement, an FSL2 sensor (FreeStyle
Libre 2, Abbott, IL, USA) was placed on each rabbit. Rabbits were

secured by polycarbonate rabbit restrainers. The skin between
the scapulae was shaved and cleaned using isopropyl alcohol.
The sensor applicator was lifted and separated from the sensor
pack. In this manner, the sensor applicator was ready for use.
Then, 2–4 drops of tissue adhesive (Vetbond, 3M Animal Care
Products, MN, USA) were applied on the skin surface of the
sensor. The sensor applicator was placed over the shaved skin
between the scapulae andpusheddown firmly to apply the sensor.
The FSL2 automatically monitors IG with a detection range of
40–500 mg/dL as described in the product manual.

IG measurements were compared to BG concentrations obtained
using a PBGM (Accu-Chek Active, Roche Diabetes Care, Basel,
Switzerland), validated for rabbits (K. Silva et al. 2020). PBGM
performs measurements using the enzyme glucose dehydro-
genase, based on reflectance photometry (Vashist et al. 2011).
PBGM requires 0.1–0.2 µL of blood with a BG detection range of
10–600 mg/dL as described in the product manual.

To compare the glucose readings measured using the FSL2 and
PBGM to the referencemeasurements takenusing the hexokinase
method (Hitachi-7020; Hitachi High-Tech, Tokyo, Japan), paired
0.5 mL blood samples were collected from the marginal ear vein
via a 24G catheter, with discarding the catheter’s dead space.
Blood samples were placed in plain tubes and centrifuged for BG
analysis.

2.3 Data Collection

One hour after FSL2 application, continuous IG measurements
were obtained. The sensor was scanned at the first, second
and third hours after placement and then every 8 h for 48 h.
Simultaneously, the BG levels were measured using the PBGM
and a chemistry analyser. Blood (0.5 mL) was drawn from the
marginal ear vein; one dropwas used tomeasure glucose with the
PBGM, while the rest was collected in a plain tube, stored at 4◦C,
and submitted within 3 h for analysis using a chemistry analyser.
Thirty minutes before blood collection from the marginal ear
vein, lidocaine cream was applied to a 1 cm area around the
venipuncture site.

After 48 h, the glucose levels of rabbits with insulin-induced
reduced BG levels were measured. A 24G catheter was placed
in the marginal ear vein for the administration of dextrose
solution and anaesthetic drugs. Anaesthesia was induced using
alfaxalone (Alfaxan multidose, Zoetis, NJ, USA; 1.5 mg/kg,
intravenously) and maintained with a continuous alfaxalone
infusion (0.2 mg/kg/min, intravenously) throughout glucose
measurements to minimize the fluctuation of BG by stress
(Harcourt-Brown and Harcourt-Brown 2012). Baseline glucose
concentrations were measured before anaesthesia. Immediately
after anaesthesia, regular human insulin (Humulin R, Eli Lilly,
IN, USA) 0.2 U/kg was injected subcutaneously. Blood was
collected from the marginal ear vein at 15-min intervals for
the remaining 90 min. The IG and BG measurements were
performed using the same methods as those used in the previous
set of measurements. Severe hypoglycaemia (BG < 60 mg/dL)
was not observed during the experiment; therefore, dextrose
administration was not required.
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2.4 Statistical Analyses

Glucose concentrations were compared between the two test
methods (PBGM and FSL2) and with a reference method (chem-
istry analyser). Data were assessed for normal distribution using
the Shapiro–Wilk test. The correlation between the BG and IG
measurements was assessed using Spearman’s rank correlation,
and the groups were compared using the Wilcoxon signed-
rank test. The data homogeneity of variance was verified using
the Brown–Forsythe test. Bland–Altman plots were generated,
and the bias and 95% limits of agreement were calculated. All
statistical analyses were performed using a commercial statistical
program (SPSS version 23.0; IBM, Armonk, NY, USA). The
accuracy of the test methods was assessed according to the
ISO 15197:2013 criteria (International Organization for Standard-
ization. ISO 15197 2013). Analytical accuracy was evaluated by
determining the number of glucose concentration pairs within
±15 mg/dL of the reference BG reading for BG concentrations
<100 mg/dL and within ±15% of the reference BG for readings
≥100 mg/dL. To meet analytical accuracy, the ISO 15197:2013
criteria require that at least 95% of the readings fall within the
defined limits. Analytical accuracy was also assessed by calculat-
ing relative differences for each time point (100 × [IG—BG]/BG)
as previously described (Clarke and Kovatchev 2009) and then
calculating mean absolute relative difference (MARD), median
absolute relative difference (mARD), mean relative difference
(MRD) and mean absolute difference (MAD).

Clinical accuracywas assessed using Parkes consensus error grids
for Type 1 diabetes mellitus, categorizing glucose reading pairs
into five clinical risk categories (Zones A–E): (Zone A) no effect
on clinical action, (Zone B) altered clinical action unlikely to
affect outcome, (Zone C) altered clinical action likely to affect
clinical outcome, (Zone D) altered clinical action could have
substantialmedical risk and (Zone E) altered clinical action could
have dangerous consequences (Parkes et al. 2000). Based on the
ISO 15197:2013 criteria, 99% of measured glucose levels should fall
within Zones A and B.

3 Results

3.1 Application of the FSL2

The application of the FSL2 appeared to be easy to perform
and well tolerated by all rabbits. No significant adverse events
were recorded while using it; only one rabbit showed mild
erythema at the sensor application site at the end of the wearing
period,which spontaneously resolvedwithin the subsequent 24h.
Before insulin treatment, throughout the 48-h period of glucose
measurements, the 2/6 sensor was detached from the rabbit skin
at the 32-h mark.

3.2 Measurements Taken Using the PBGM and
FSL2

For the non-insulin-treated rabbits, the median BG concentra-
tions measured using the reference method and PBGM and the
median IG concentration obtained by the FSL2 were 130.5 mg/dL
(range, 67–152 mg/dL), 126 mg/dL (range, 103–161 mg/dL) and

159.5 mg/dL (range, 102–208 mg/dL), respectively. After insulin
treatment, the median BG concentration measured using the
reference method and PBGM and the median IG concentration
obtained using the FSL2were 120.5mg/dL (range, 63–155mg/dL),
106 mg/dL (range, 60–150 mg/dL) and 134.5 mg/dL (range,
72–207 mg/dL), respectively.

The results obtained using the PBGM and the reference method
were strongly correlated (r = 0.79, p < 0.01), as were those
obtained using the FSL2 and the reference method (r = 0.78, p
< 0.01) (Figure 1).

3.3 Bland–Altman Analysis

Bland–Altman analysis of glucose measurements obtained using
the PBGMand referencemethod showed a slight negative propor-
tional bias and heteroscedasticity, with more variation for higher
glucose concentrations (Figure 2). Constant bias (95% limits of
agreement) was estimated to be−8.8 mg/dL (−24.6 to 6.9 mg/dL).
Bland–Altman analysis of glucose measurements taken using
the FSL2 and reference method showed considerable variation
between methods and heteroscedasticity (greater variation for
higher glucose concentrations) (Figure 2). The constant bias was
estimated to be 17.5 mg/dL and the 95% limits of agreement were
−11.532 to 46.637 mg/dL.

3.4 ISO 15197:2013 Criteria

In insulin-treated rabbits, the proportions of readings in the
hypoglycaemic range (reference method BG < 100 mg/dL) for
which the testmethodmeasurementwaswithin±15mg/dL of the
referenceBG for the PBGMandFSL2were 95.5% (21/22) and 68.1%
(15/22), respectively. The PBGM readings were above the 95%
mandated by the ISO 15197:2013 criteria (Table 1). The proportion
of readings in the euglycaemic range (reference method BG
≥100 mg/dL) within ±15% of the reference BG for the PBGM and
FSL2 were 81.3% (13/16) and 37.5% (6/16), respectively; both were
below the 95% mandated by the ISO 15197:2013 criteria.

In noninsulin-treated rabbits, no results were included in the
hypoglycaemic range (reference method BG < 100 mg/dL).
The proportion of readings in the euglycaemic range (reference
method BG ≥ 100 mg/dL) within ±15% of the reference BG
for the PBGM and FSL2 were 85.7% (36/42) and 23.8% (10/42),
respectively; bothwere below the 95%mandated by ISO 15197:2013
criteria. The MAD, MARD, mARD andMRD are listed in Table 1.

The Parkes consensus error grids for the PBGM and FSL2 are
presented in Figure 3. In insulin-treated rabbits, for the PBGM
and FSL2, 100% (38/38) of the pairs were in Zones A and B of
the error grid. In noninsulin-treated rabbits, for the PBGM and
FSL2, 97.6% (41/42) of the pairs were in Zones A and B of the error
grid and 1 result in Zone C, which was inadvertently stored at
room temperature (19◦C–24◦C) for 3 h. After the result of a sample
corresponding to Zone Cwas removed from the Parkes consensus
error grids for the PBMG and FSL2, 100% (41/41) of the pairs were
in Zones A and B of the error grid. Based on the ISO 15197:2013
criteria,≥99.0% of themeasured glucose results should fall within
Zones A and B.
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FIGURE 1 Correlation between readings from (A) the portable blood glucose meter and the reference method, and (B) the FreeStyle Libre 2 and
the reference method. The solid line represents the best fit. FSL2, FreeStyle Libre 2; PBGM, portable blood glucose meter; REF, reference method.

FIGURE 2 Bland–Altman analysis of glucose measurements between (A) the portable blood glucose meter and (B) the FreeStyle Libre 2 and the
reference method. (A) A negative proportional bias and heteroscedasticity with more variation for higher blood glucose concentrations is apparent.
Constant bias was estimated to be −8.818 mg/dL and the 95% limits of agreement were −24.610 to 6.974 mg/dL. (B) Considerable variation between
methods and heteroscedasticity are the most apparent findings. Constant bias was estimated to be 17.553 mg/dL and the 95% limits of agreement were
−11.532–46.637 mg/dL. FSL2, FreeStyle Libre 2; PBGM, portable blood glucose meter; REF, reference method.

4 Discussion

This study aimed to evaluate the accuracy of the FSL2 in rabbits.
In this experimental model, rabbits showed limited agreement
between results obtained using the FSL2 and reference standard
glucose measurements. Both the PBGM and FSL2 met the ISO
15197:2013 criteria for analytical and clinical accuracy. In insulin-
treated rabbits, readings taken using the FSL2 and PBGM were
clinically acceptable, and the analytical accuracies of the FSL2
and PBGM in the hypoglycaemic range (BG < 100 mg/dL) were
higher than those in the euglycaemic range (BG > 100 mg/dL).
The PBGM came close to satisfying the analytical accuracy
requirements of this study. The FSL2 was not as accurate as the
PBGM and referencemethods but succeeded in reliably detecting
hypoglycaemia in our study.

Bland–Altman analysis of the PBGM and FSL2 showed ten-
dencies in BG; on average, the BG measured using the PBGM
was 8.818 mg/dL lower and that measured using the FSL2 was
17.553 mg/dL higher than that measured using the reference
method. The 95% limits of agreement were wider for the FSL2
than for the PBGM. Measurements obtained using both PBGM
and FSL2 deviated more from reference measurements at higher

glucose concentrations, and this heteroscedasticity was greater
for FSL2 than for PBGM. Consequently, PBGM measurements
were more closely related to the reference measurements than
the FSL2 measurements and thus more accurate in detecting BG
concentrations.

ISO 15197:2013 criteria are applied in humanmedicine to evaluate
methods of glucose measurement for accuracy and to optimize
patient safety (International Organization for Standardization.
ISO 15197 2013). Smaller differences are more important in the
more dangerous hypoglycaemic range. In contrast, there is a
larger gap between glucose concentrations in the euglycaemic
range, which affects clinical results. For the non-insulin-treated
rabbits, only 85.7% of the PBGM and 23.8% of the FSL2 readings
were within ±15% of the reference BG measurement for the
euglycaemic range. The PBGM was more analytically accurate
than the FSL2 in rabbit samples. The clinical relevance of the
lack of agreement between the FSL2 and the reference analyser
was demonstrated using the Parkes error grid. This error grid
was developed to assess the accuracy of BG measurements in
self-monitoring human patients with diabetes mellitus (Parkes
et al. 2000). The risk categories were designated by 100 physicians
from the American Diabetes Association. For a device to be
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TABLE 1 Analytical accuracy of the portable blood glucose meter
and the FreeStyle Libre 2.

Noninsulin-treated rabbits

PBGM FSL2

Hypoglycaemic range (REF BG < 100 mg/dL)
Percentage of measurements
within ±15 mg/dL of the REF BG
value

— —

Euglycaemic range (REF BG ≥ 100 mg/dL)
MARD (%) 10.40 29.07
mARD (%) 5.70 21.88
MRD (%) 2.80 28.09
Percentage of measurements
within ±15% of the REF BG value

85.7 (36/42) 23.8 (10/42)

Insulin-treated rabbits

PBGM FSL2

Hypoglycaemic range (REF BG < 100 mg/dL)
MAD (mg/dL) 6.58 13.27
Percentage of measurements
within ±15 mg/dL of the REF BG
value

95.5 (21/22) 68.1 (15/22)

Euglycaemic range (REF BG ≥ 100 mg/dL)
MARD (%) 10.31 18.46
mARD (%) 10.60 17.83
MRD (%) −10.21 18.46
Percentage of measurements
within ±15% of the REF BG value

81.3 (13/16) 37.5 (6/16)

Note: The two test methods (FSL2 and PBGM) were compared to a reference
standard.
Abbreviations: BG, blood glucose; FSL2, FreeStyle Libre 2; MAD, mean
absolute difference; MARD,mean absolute relative difference; mARD,median
absolute relative difference; MRD, mean relative difference; PBGM, portable
blood glucose meter; REF, reference method.

considered clinically accurate, at least 99% of the values must
fall within Zones A and B, indicating no effect on the clinical
outcome. Although the patient species and clinical scenarios
may differ, these guidelines for evaluating clinical accuracy are
also employed as a framework for evaluating the diagnostic
performance of glucometers in veterinary medicine (Corradini
et al. 2016; Malerba et al. 2020; Del Baldo, Fracassi, et al. 2021).

In the present study, the percentage of PBGM and FSL2 readings
for the noninsulin-treated rabbits in the two acceptable Zones A
and B was 100%, which was compatible with a previous study
(Selleri, Di Girolamo, and Novari 2014.). The PBGM used in this
study,which has previously been validated for clinical accuracy in
rabbits. However, one blood sample was corresponding to Zone C
because it was inadvertently stored at room temperature for 3 h.
Glucose is lost through glycolysis at a rate of 5%–7% per hour at
room temperature in human blood (Bruns and Knowler 2009).
Therefore, the single measurement from Zone C was removed,
and the clinical accuracy increased to 100%.

For insulin-treated rabbits, the PBGMand FSL2 failed tomeet the
ISO 15197:2013 criteria for analytical accuracy, with the exception
of PBGM in the hypoglycaemic range. In the hypoglycaemic
range, the analytical accuracies of PBGM and FSL2 were 95.5%
and 68.1%, respectively. In the euglycaemic range, they were
81.3% and 37.5%, respectively. The PBGM was more analytically
accurate than the FSL2 in insulin-treated rabbits. The analytical
accuracy of the PBGMand FSL2was higher in the hypoglycaemic
range (BG < 100 mg/dL) than in the euglycaemic range (BG >

100 mg/dL). When evaluating the accuracy of the FSL2 in the
hypoglycaemic range in different species, dogs exhibit a decrease
in the analytical accuracy of the FSL2, whereas cats and humans
show an increase in accuracy (Babaya et al. 2020; Del Baldo et al.
2021; Howard et al. 2021). Interspecies differences in the accuracy
of the FSL2 within the hypoglycaemic range (BG < 100 mg/dL)
may arise from variations in skin thickness or hydration status
(Foxx et al. 2022; D. Silva et al. 2021). To accurately identify
the underlying causes of interspecific differences in FSL2
accuracy within the hypoglycaemic range (BG < 100 mg/dL),
additional studies evaluating skin thickness and hydration status
across species, followed by an assessment of FSL2 accuracy,
are required. The percentage of readings that did not affect
the clinical outcome was 100% for PBGM and FSL2, indicating
acceptable clinical accuracy.

In the insulin-treated rabbits in this study, the clinical accuracy
of the FSL2 was acceptable, and the analytical accuracy was
higher in the hypoglycaemic range (BG < 100 mg/dL) than in
the euglycaemic range (BG > 100 mg/dL). Therefore, the FSL2 is
applicable in experiments requiring the rapid detection of hypo-
glycaemia and fluctuating BG levels in the hypoglycaemic range,
such as in diabetic rabbit models, insulinoma rabbits and insulin-
induced hypoglycaemia models (Del Baldo et al. 2021; Díez et al.
2013; Wada et al. 2019); it is also more convenient than the
PBGM, which presents challenges in serial monitoring. The FSL2
provides continuous readings and identifies changes in glucose
levels that would be missed by PBGM. Therefore, although the
FSL2may be less accurate than the PBGM, it could be a substitute
for the PBGM because it is clinically applicable and facilitates
the easy and rapid detection of hypoglycaemia. In addition, it
minimizes fluctuations in experimental results owing to reduced
stress in rabbits, reduces staff workloads and saves time.

This study had several limitations. Firstly, the study involved only
a small number of rabbits, which potentially affected the results
owing to the limited number of measurements. Our sample size
was limited by the number of devices; therefore, no a priori
sample size calculations were performed. However, the number
of rabbits was based on a previous study using experimental
rabbits for the following validation study (Cutler et al. 2020).
Our study provided preliminary results for further validation
studies to investigate the utility of FSL2 in rabbits, including pet
rabbits. Second, this study focused only on hypoglycaemic and
euglycaemic rabbits. Studies involving hyperglycaemic rabbits
are required to evaluate the accuracy of the FSL2 across all
BG ranges. Third, certain factors such as skin thickness and
hydration status might affect FSL2 performance (Del Baldo
et al. 2021; Genua et al. 2021; Malerba et al. 2020); however,
these factors were not evaluated in our study. Finally, the
effect of alfaxalone-induced anaesthesia on BG levels has not
been evaluated in insulin-treated rabbits. Previous studies have
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FIGURE 3 The Parkes consensus error grid (for Type 1 diabetes mellitus) of (A) the PBGM readings for noninsulin-treated rabbits, (B) the FSL2
readings for noninsulin-treated rabbits, (C) the PBGM readings for insulin-treated rabbits and (D) the FSL2 readings for insulin-treated rabbits. Zones
are categorized as follows: (Zone A) no effect on clinical action; (Zone B) altered clinical action unlikely to affect outcome; (Zone C) altered clinical
action likely to affect clinical outcome; (Zone D) altered clinical action could have substantial medical risk and (Zone E) altered clinical action could
have dangerous consequences. Based on the ISO 15197:2013 criteria, (Zone C) altered clinical action likely to affect clinical outcome; (Zone D)FreeStyle
Libre 2; PBGM, portable blood glucose meter.

confirmed that alfaxalone anaesthesia in dogs does not affect BG
levels (Muñoz, Robertson, and Wilson 2017). However, the lack
of effects on BG levels has not been verified in rabbits.

5 Conclusion

Although the ISO 15197:2013 requirements were not fulfilled
for rabbits, the FSL2 was clinically acceptable for identify-
ing hypoglycaemic states and rapid changes in hypoglycaemic
concentrations. Further studies with larger sample sizes and

hyperglycaemia are needed to assess the performance of the FSL2
across all BG ranges in rabbits.
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