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Accuracy of Human and Veterinary Point-of-
Care Glucometers for Use in Rhesus Macaques
(Macaca mulatta), Sooty Mangabeys (Cercocebus
atys), and Chimpanzees (Pan troglodytes)

Elizabeth A Clemmons, Melissa I Stovall, Devon C Owens, Jessica A Scott, Amelia C Jones-Wilkes, Doty ] Kempf,’
and Kelly F Ethun’

Handheld, point-of-care glucometers are commonly used in NHP for clinical and research purposes, but whether these
devices are appropriate for use in NHP is unknown. Other animal studies indicate that glucometers should be species-specific,
given differences in glucose distribution between RBC and plasma; in addition, Hct and sampling site (venous compared
with capillary) influence glucometer readings. Therefore, we compared the accuracy of 2 human and 2 veterinary glucom-
eters at various Hct ranges in rhesus macaques (Macaca mulatta), sooty mangabeys (Cercocebus atys), and chimpanzees (Pan
troglodytes) with that of standard laboratory glucose analysis. Subsequent analyses assessed the effect of hypoglycemia,
hyperglycemia, and sampling site on glucometer accuracy. The veterinary glucometers overestimated blood glucose (BG)
values in all species by 26 to 75 mg/dL. The mean difference between the human glucometers and the laboratory analyzer
was 7 mg/dL or less in all species. The human glucometers overestimated BG in hypoglycemic mangabeys by 4 mg/dL and
underestimated BG in hyperglycemic mangabeys by 11 mg/dL; similar patterns occurred in rhesus macaques. Hct did not
affect glucometer accuracy, but all samples were within the range at which glucometers generally are accurate in humans.
BG values were significantly lower in venous than capillary samples. The current findings show that veterinary glucometers
intended for companion-animal species are inappropriate for use in the studied NHP species, whereas the human glucometers
showed clinically acceptable accuracy in all 3 species. Finally, potential differences between venous and capillary BG values
should be considered when comparing and evaluating results.

Abbreviations: BG, blood glucose; ISO, International Organization for Standardization

There are several indications in NHP medicine for using
handheld, point-of-care glucose meters (glucometers), which
rapidly and easily measure blood glucose (BG). For example,
naturally occurring type 2 diabetes has been reported in more
than 40 NHP species, including the 3 evaluated in the current
study—rhesus macaques, sooty mangabeys, and chimpan-
zees. 182426 In addition, because glucometers require very small
volumes of blood, they are useful in small-bodied NHP that
have increased susceptibility to hypoglycemia, such as neonates
and many New World species. Furthermore, glucometers are
commonly used in NHP biomedical research related to obesity
and diabetes.”?>2338 Human glucometers as well as veterinary
glucometers intended for use with small companion animals are
commercially available; however, the literature contains no in-
formation regarding the accuracy of these glucometers in NHP.

The accuracy of glucometers in humans has been evaluated
extensively under various conditions, and many studies show
that commercially available human glucometers can yield
glucose measurements that differ significantly from the actual
values.® For example, a recent study of 43 glucometers found
a bias range of —-14.1% t012.4%, with widely varying limits
of agreement.® In addition, criteria for acceptable accuracy
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vary widely between professional societies and standards
organizations, and these requirements are rarely met by cur-
rently available glucometers.3>3° For these reasons, there is
increasing concern regarding the reliability of glucometers in
human medicine, especially when highly accurate measure-
ments are needed to maintain tight glucose control or guide
treatment decisions.

Glucometer performance has also been assessed in dogs, cats,
horses, birds, deer, sheep, cattle, alpacas, ferrets, and rabbits.*
Results from these studies show that glucometers intended for
humans have decreased accuracy when used in animal species,
suggesting that similar findings might be observed in NHP spe-
cies. Veterinary-specific glucometers were recently developed
for companion animals, but how well these glucometers perform
in NHP is unknown.

Differences in glucometer accuracy between species have
been attributed, at least in part, to species-specific differences
in glucose distribution.! Glucometers measure glucose in whole
blood, but because glucose reference ranges typically are based
on plasma levels, most glucometers perform a calculation and
report the estimated plasma glucose level. The distribution
of glucose between plasma and RBC varies between species.!?
Humans have a much higher ratio of intracellular glucose
(glycosylated hemoglobin) to plasma glucose than do dogs and
other domestic animals. For example, the cell:plasma glucose
ratio (x100) is 67.1 in humans and 34.2 in canines.’? Although
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veterinary species-specific glucometers use the same enzyme
technology and equipment as do human glucometers, species-
specific algorithms are needed to calculate and report plasma
glucose levels.! The glucose distribution in NHP has not been
evaluated widely, but one study found that the cell:plasma ratio
(x100) is 70.8 in rhesus macaques and 77.7 in olive baboons.!
These results suggest that glucometer accuracy might differ
among NHP species, particularly between Asian and African
species.

In addition, Hct affects the accuracy of glucometers in humans
and animals.?13212529323739 Glucometers are designed to oper-
ate within a specific range of Hct values. When Hct is lower
or higher than the established range, glucometer-reported BG
values are generally higher or lower than the actual BG value,
respectively.'2212737 The sooty mangabey’s normal Hct ranges
from 43% to 49.9% and thus is higher than that of humans,
chimpanzees, rhesus macaques, canines, and felines, poten-
tially decreasing the accuracy of both veterinary and human
glucometers in the mangabeys by significantly underestimating
the actual BG value.?>611,1419,35

Several human studies have reported that glucometers may
be less accurate during hypoglycemia, generally overestimat-
ing the BG level.1%28333 Accuracy during hyperglycemia has
been less frequently reported, but diabetes-induced perfusion
disturbances and ketoacidosis, factors often associated with
hyperglycemia, are both known to interfere with glucometer
accuracy.¥

Glucose levels differ between collection sites, with arterial
blood having the highest glucose level.¥ Arterial blood is de-
livered to capillaries, where glucose is absorbed by tissues as
an energy source, thus resulting in the lowest glucose level in
venous circulation.® Capillary and venous glucose levels have
been reported to correlate well in human studies, but it is im-
portant to understand the differences between these sampling
methods when interpreting glucometer readings.*

The primary aims of the current study were to: 1) com-
pare the accuracy of 2 veterinary and 2 human glucometers
in 3 NHP species with inherently different Hct ranges; 2)
determine the accuracy of 2 human glucometers during
hypoglycemia and hyperglycemia in rhesus macaques and
sooty mangabeys; and 3) determine whether glucometer
performance differs between capillary and venous sampling
sites. Accuracy was defined as the absolute and actual mean
difference in BG levels measured by each glucometer and a
standard laboratory glucose analyzer. We hypothesized that,
due to interspecies differences in cell and plasma glucose
distribution, human glucometers would report NHP glucose
levels more accurately than would veterinary-specific glu-
cometers. Furthermore, sooty mangabeys have a naturally
higher HCT range and potentially higher cell:plasma glucose
ratio than those of Asian monkeys and African apes; there-
fore, we hypothesized that human glucometers would be
less accurate in sooty mangabeys than in rhesus macaques
and chimpanzees. In addition, we expected glucometers to
be less accurate during hypoglycemia and hyperglycemia
compared with euglycemia in both rhesus macaques and
sooty mangabeys. Finally, we hypothesized that the mean dif-
ference between both human glucometers and the laboratory
analyzer would be significantly smaller in venous samples
compared with capillary samples. Data from this study will
be useful to investigators seeking information regarding
glucometer use in NHP for both clinical and research pur-
poses and the interpretation of BG values obtained by using
these devices.

Accuracy of point-of-care glucometers in NHP

Materials and Methods

Animals. The study population comprised 80 rhesus macaques
(mean age [range], 7.8 y [0.7 to 24.5 y]); 24 male, 56 female),
50 sooty mangabeys (9.6 y [0.9 to 21.1 y]; 13 male, 37 female),
and 12 chimpanzees (31.5 y [18.1 to 50.4 y]; 2 male, 10 female)
maintained at the Yerkes National Primate Research Center
(Lawrenceville, GA). All study animals were maintained in
social groups and housed in indoor—outdoor enclosures. Rhesus
macaques and sooty mangabeys received LabDiet 5038 (PMI
Nutrition International, St Louis, MO), and chimpanzees were
fed fiber-enriched LabDiet 5050 (PMI Nutrition International).
Routine enrichment provided to all animals included fresh
produce, climbing structures, foraging devices, and other
manipulanda. Blood was collected from animals that had been
food-fasted overnight (in most cases) as part of annual health
exams and clinical evaluations. Because blood samples were
collected opportunistically, the duration of fasting before col-
lection varied among animals. Most study animals were fed
between 1500 and 1600 the day before blood collection; on the
day of blood collection, food was offered after each animal was
fully recovered from morning anesthesia, therefore, food was
withheld from the majority of study animals for 17 to 20 h prior
to blood collection. Before examination and blood collection
for all experiments, the study NHP were sedated with either
ketamine HCl (10mg/kg IM) or tiletamine HCl-zolazepam
HCI (3 to 5mg/kg IM). Procedures involving these animals
were approved by the IACUC of Emory University and were
conducted in accordance with USDA Animal Welfare Regula-
tions, the Guide for the Care and Use of Laboratory Animals, and
institutional policies.?>'® The facilities and animal resources
program at YNPRC are fully AAALAC-accredited.

Experiment 1: Comparison of human and veterinary glucom-
eters. To determine whether human or veterinary glucometers
were more suitable for use in NHP species, approximately 2 mL
of venous blood was collected from the femoral or saphenous
vein of animals sedated for annual health exams or clinical
evaluations. Immediately after blood collection, venous BG
was measured by using 2 human (Accu-Chek Aviva Plus, Roche
Diagnostics, Basel, Switzerland [glucometer HA]; FreeStyle
Freedom Lite, Abbott Laboratories, Abbott Park, IL [glucometer
HB]) and 2 veterinary (AlphaTrak2, Abbott Animal Health,
Abbott Park, IL [glucometer VA]; GlucoPet, Animal Diabetes
Management, Janesville, WI [glucometer VB]) glucometers.
The veterinary glucometers were coded for canine use. The
remainder of the whole blood was divided equally between 2-mL
vacuum phlebotomy tubes, one containing EDTA (3.6 mg) and
one containing sodium fluoride—potassium oxalate (5 mg—4 mg;
gray-top tube) and chilled until processed. Gray-top tubes
containing the glycolysis inhibitor sodium fluoride were centri-
fuged at 1560 x g for 10 min at 4 °C. Plasma was removed and
stored at —80 °C until analyzed by using a laboratory glucose
analyzer (model 2300 STAT Plus, Yellow Springs Instrument,
Yellow Springs, OH). The times of blood collection and pro-
cessing were recorded. For Hct determination in the macaques
and mangabeys, EDTA-anticoagulated blood was placed into
nonheparinized microhematocrit tubes and centrifuged at
14,500 x g for 5 min; the Hct was read by using a microhematocrit
reader card. Hct was calculated for the chimpanzees by using
an automated hematology analyzer (model xs-1000i, Sysmex,
Hialeah, FL).

Experiment 2: Effects of hypoglycemia and hyperglycemia. To
compare the accuracy of the human glucometers during dif-
ferent glycemic states, rhesus macaques were screened during
clinical exams for hypoglycemia or hyperglycemia by using
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either human glucometer with a capillary (fingerstick) blood
sample. Sooty mangabeys were screened for inclusion based
on venous BG according to both human glucometers during
experiment 1. For both rhesus macaques and sooty mangabeys,
hypoglycemia was defined as a BG value of less than 60 mg/dL,
whereas BG greater than 100 mg/dL was considered hypergly-
cemia. Rhesus macaques and sooty mangabeys with BG of 60 to
100 mg/dL were considered euglycemic controls. These ranges
were selected in light of previously reported reference values
and diagnostic criteria for diabetes in Old World NHP.”*40 For
both species, the final categorization regarding glycemic state
was established according to the venous BG value determined
by a laboratory glucose analyzer (Yellow Springs Instrument).
Chimpanzees were not evaluated in the current experiment
because of low sample size for each of the glycemic states. In
addition, veterinary glucometers were not evaluated in light of
the results from experiment 1.

Approximately 1.5 mL of venous blood was collected from
the femoral or saphenous vein of each animal. Immediately
after blood collection, venous BG was measured using both
human glucometers. The remaining whole blood was divided
between a serum microtainer tube for reference laboratory
serum chemistry (model SA010 Superchem, Antech Diagnostics,
Chapel Hill, NC) and a gray-top vacuum phlebotomy tube con-
taining sodium fluoride for subsequent BG analysis by using
the laboratory glucose analyzer (Yellow Springs Instrument).
Blood in gray-top tubes was processed and stored as described
in experiment 1.

Experiment 3: Effect of capillary compared with venous
sampling site. Capillary and venous blood samples collected
in experiment 2 were used also to investigate glucometer accu-
racy at different sampling sites. Venous samples were collected
immediately after capillary measurement during the same
anesthetic event. For capillary sampling, the distal portion of
a digit was swabbed clean with 70% ethanol and gauze before
being lanced with a 25-gauge hypodermic needle. Occasion-
ally, due to error messages, more than one glucometer strip
was needed for successful measurement of each sample. The
number of strips used for each sample with each glucometer
was recorded for later comparison.

Laboratory glucose analyzer. Glucometer results were com-
pared with the actual BG value determined by the laboratory
glucose analyzer (Yellow Springs Instrument), a bench-top,
glucose oxidase analyzer. The laboratory analyzer is a well-
established standard for the measurement of BG and has
historically been used to evaluate the accuracy of glucometers.3*
Approximately 1 h before analysis, plasma samples were re-
moved from storage at —80 °C and allowed to thaw at room
temperature. On each day of sample measurement, operational
checks including membrane integrity testing and linearity test-
ing with control solutions were performed according to the
manufacturer’s instructions. The laboratory analyzer was pro-
grammed to autocalibrate after every fifth sample measurement.
All samples were analyzed in duplicate, and the mean of the 2
values was used for data analysis.

Statistical analyses. By using statistical software (JMP 11; SAS
Institute, Cary, NC), all data were first evaluated to confirm
normality and equality of variance. Linear mixed-effects models
then were performed, with NHP species, glucometer, and gly-
cemic state (hypoglycemia, euglycemia, and hyperglycemia) as
fixed effects; qualitative hemolysis score and time (in minutes)
in gray-top tubes as covariates; and individual subjects as a
random effect. Primary outcomes were absolute and actual
mean difference between each glucometer and the reference

method. Tukey HSD tests were used for posthoc comparisons.
Pearson correlation analysis was used to compare capillary
and venous glucometer readings, with +1 representing perfect
positive correlation, -1 representing perfect negative correlation,
and 0 denoting the absence of correlation. A P value less than
0.05 was considered significant for all analyses. Only rhesus
macaques and sooty mangabeys with euglycemic BG values
were included in the analysis for experiment 1; all glycemic
states were included in experiment 2. Because neither sex nor
age affected glucometer accuracy, pooled data are presented
for each species.

The clinical implication of the data from the human and
veterinary glucometer in all 3 species was assessed by using
error grid analysis. The Parkes error grid compares reference
glucose analyzer values (x axis) with glucometer values (y axis)
to indicate the clinical consequences of results.®® The plot is
divided into 5 risk zones (A through E), according to 100 hu-
man physicians’ classification of the disagreement between 2
values.?® The ideal zone is A, where the 2 values would result
inidentical treatment decisions, whereas a glucometer value in
zone E represents a significantly inaccurate glucometer reading
that might result in a life-threatening treatment decision, such
as administration of insulin to a hypoglycemic patient.

Results

Experiment 1. Table 1 displays the mean BG values and ranges
obtained by using the 2 human and 2 veterinary glucometers
and the laboratory reference glucose analyzer for all 3 NHP
species. Blood glucose values from the 2 veterinary glucom-
eters were 30 to 50 units higher than those from the 2 human
glucometers among rhesus macaques and sooty mangabeys and
30 to 70 units higher in chimpanzees. The actual mean differ-
ences in BG values between each glucometer and the laboratory
reference analyzer are shown in Figure 1 A through C. In all 3
NHP species, the actual mean BG differences of the 2 veterinary
glucometers were significantly different from each other and
from the 2 human glucometers (P < 0.0001 for all comparisons).
Specifically, glucometer VB significantly overestimated the true
glucose value in all 3 NHP species by 25 to 35 mg/dL, whereas
glucometer VA significantly overestimated BG by approximately
45 mg/dL in rhesus macaques and mangabeys and greater than
75 mg/dL in chimpanzees. The actual mean differences in BG
between both human glucometers and the laboratory reference
analyzer were 7 mg/dL or less and did not significantly differ
from each other or across NHP species. Similarly, no significant
differences between NHP species were observed when BG val-
ues were expressed as an absolute mean difference between each
human glucometer and the reference analyzer (data not shown).

Parkes error grid. The distribution in the Parkes error
grid (Figure 2) was similar for all 3 NHP species. The majority
of measurements from both human glucometers fell within
zone A, whereas most of the measurements from both vet-
erinary glucometers were within zone B with some results in
zones C and D, indicating that the BG values obtained from
the human glucometers might lead to safer and more accurate
clinical decisions in these species, compared with the BG data
obtained by using the veterinary glucometers.

Hct. The mean Hct was significantly (P < 0.001) higher in
sooty mangabeys than in rhesus macaques and chimpanzees
(Table 2). The Hct values obtained for the 3 NHP species in this
study were similar to those previously reported in the literature,
and a linear regression analysis revealed no significant effect of
Hct on the absolute and actual mean differences between each
glucometer and the laboratory glucose analyzer.5143%
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Table 1. Comparison of human and veterinary glucometers across 3 NHP species

Blood glucose (mg/dL) from laboratory

Blood glucose (mg/dL) glucose analyzer
Glucometer Mean + SE Range Mean * SE Range
Rhesus macaques (1 = 38) HB 69.8+1.42 55-91 76.8 +1.46 62.3-99.1
HA 71.1£1.18 59-90
VB 111.5+1.75 90-135
VA 120.6 £2.32 91-158
Sooty mangabeys (1 = 27) HB 72.3+£2.56 50-104 76.2+£2.06 60.4-97.7
HA 71.1+2.28 48-90
VB 102.1+2.77 78-124
VA 122.6 +3.68 88-158
Chimpanzees (n = 12) HB 107.2+4.17 72-127 106.8 + 4.69 69.2-126.5
HA 112.3+52 75-138
VB 137.8+5.6 109-178
VA 184 £7.27 121-209

Experiment 2. Results from experiment 1 showed that the
veterinary glucometers tested were unsuitable for use in these
NHP species, therefore only the human glucometers were used
for the remainder of the study. Euglycemic (BG, 71.2 to 97.7
mg/dL; n = 20), hypoglycemic (BG, 35.2 to 59.6 mg/dL; n =12),
and hyperglycemic (BG, 103 to 442 mg/dL; n = 10) sooty man-
gabeys were identified. Overall, the actual mean differences in
BG values between each human glucometer and the laboratory
reference (Figure 3 A) were small (less than 15 mg/dL) dur-
ing all 3 glycemic states. Unlike glucometer HA, glucometer
HB significantly underestimated the reference BG value by
13.1+£1.9 mg/dL in hyperglycemic mangabeys compared with
euglycemic mangabeys. The actual mean difference between
the BG readings obtained by using the glucometer compared
with the laboratory analyzer differed significantly (P < 0.05)
between hypoglycemic and euglycemic sooty mangabeys when
glucometer HA—but not glucometer HB—was used; however
the difference between the absolute mean values was nonsig-
nificant (data not shown, P = 0.34).

Euglycemic (BG, 70.1 to 99.1 mg/dL; n = 28), hypoglycemic
(BG, 26.9 to 58.8 mg/dL; n = 24), and hyperglycemic (BG, 108.5
to 120 mg/dL; n = 4) rhesus macaques were identified. In rhe-
sus macaques, both human glucometers had similar accuracy
during hypoglycemic and hyperglycemic states compared
with the euglycemic state (Figure 3 B). Similar to mangabeys,
the actual mean difference in BG readings from the glucometer
compared with laboratory analyzer was significant (P < 0.0001)
between hypoglycemic and euglycemic rhesus macaques when
glucometer HA was used; however the absolute mean values
did not differ between the devices (data not shown, P = 0.38).

Experiment 3.

BG values from capillary- and venous-derived samples cor-
related significantly (P < 0.05) when both human glucometers
were used in rhesus macaques. However, the strength of the
correlation coefficient for glucometer HA (correlation coefficient,
0.97; strong correlation) was stronger than that of glucometer
HB (correlation coefficient, 0.68; moderate correlation). The
actual mean difference between both human glucometers and
the laboratory analyzer were significantly (P < 0.01) smaller for
venous samples compared with capillary samples (Figure 4 A).
Specifically, the capillary glucometer readings were higher
than the actual venous BG value by 10.9 + 2.8 mg/dL (mean *

SE), whereas glucometer readings from venous blood slightly
underestimated the actual venous BG value by 1.2 2.8 mg/dL.
When each human glucometer was evaluated individually
(Figure 4 B), a similar pattern was observed, and capillary and
venous BG values measured by using glucometer HB differed
significantly (P < 0.05); a significant difference was not observed
with glucometer HA.

Strip use. As a secondary outcome in experiment 3, we com-
pared the number of strips used by the 2 human glucometers
between capillary and venous samples. Regardless of glucom-
eter type, significantly (P < 0.05) more strips were required for
capillary compared with venous sampling, with a mean of 1.2 +
0.0 and 1.0 £ 0.0 strips used per sample, respectively (Figure 5).
This difference was driven primarily by the use by glucometer
HA compared with glucometer HB, in that glucometer HA re-
quired the most strips for capillary measurement. The difference
between venous and capillary sampling with glucometer HA
did not reach significance (P = 0.07), but 16.6% of the capillary
readings required more than 1 strip to complete a measurement,
compared with 5.3% of the venous readings.

Serum chemistry values. To compare the laboratory analyzer
we used with an (off-site) reference laboratory, BG values ob-
tained by using the laboratory analyzer were compared with
those from serum chemistry panels. No significant difference in
BG values was found between the laboratory analyzer and the
off-site reference laboratory. The mean absolute difference in BG
between the laboratory analyzer and the reference laboratory
was 4.2+ 1.0 mg/dL.

Discussion

To the our knowledge, this study is the first to evaluate the
accuracy of both veterinary and human glucometers in NHPs.
Glucometer studies have been performed in humans and other
veterinary species, often demonstrating unacceptable levels
of inaccuracy.3*** Glucometers are frequently used in NHP in
both research and clinical settings. Due to species-associated
differences in BG distribution, the glucometer most appropriate
for each species should be identified. As expected, our findings
showed that human glucometers are more accurate for use in
NHP than are veterinary glucometers and that values obtained
from venous samples are significantly lower than those from
capillary samples. According to this data, human glucometers
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Figure 1. Comparison of human and veterinary glucometers in (A) rhesus
macaques, (B) sooty mangabeys, and (C) chimpanzees. The veterinary
glucometers (VA and VB) significantly overestimated venous BG by 25
to 75 units, whereas both human glucometers (HA and HB) were within
2 to 7 units of the actual BG value for each species, with no interspecies
differences. Data are given as mean * SE; within each species, different
lowercase letters denote values that differ significantly (P < 0.05).

are more appropriate than are veterinary glucometers for use
in NHP; even higher accuracy might be obtained with glucom-
eters specifically designed for use in NHP. We were unable to
definitively demonstrate that human glucometers are less ac-
curate during both hypoglycemia and hyperglycemia in rhesus
macaques and sooty mangabeys, but our results suggested
that this difference might emerge if sample size increased. In
contrast to our expectation that human glucometers would be
less accurate in sooty mangabeys than in rhesus macaques and
chimpanzees, we found no significant interspecies differences
in glucometer accuracy.

In this study, the 2 veterinary glucometers, which were cali-
brated for canine use, were less accurate than both of the human
glucometers in all 3 NHP species. Using veterinary glucometers
on feline settings would likely increase the inaccuracy, due to
the very low cell:plasma ratio of glucose distribution in felines
compared with canines, humans, and NHP.! Mean venous BG

Hi
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POSC Cllucometer BC (mggfdL)
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Labosatory Analyaer B0 (mg'dLy

Figure 2. Parkes error-grid analysis. Risk zones: A, clinically accurate
measurements, no effect on clinical action; B, altered clinical action,
little or no effect on clinical outcome; C, altered clinical action, likely
to affect clinical outcome; D, altered clinical action, could have signifi-
cant clinical risk; and E, altered clinical action, could have dangerous
consequences.®® Most of the measurements from the 2 human glucom-
eters (HA and HB) fall within zone A. The majority of the measure-
ments from the 2 veterinary glucometers (VA and VB) fall within zone
B, with some results in zones C and D.

Table 2. Hct values of rhesus macaques, sooty mangabeys, and chim-
panzees

Hct (mean =1 SD)

This study Published value?
Rhesus macaques 40.67 +2.68 41.8+£29
Sooty mangabeys 4584 +2.6° 43.0+£33t049.9£9.4
Chimpanzees 42.27 £9.34 41.69 +2.63 to 46.5 = 3.09

aReference values for rhesus macaques, sooty mangabeys, and chim-
panzees obtained from references 5, 35, and 14, respectively.
bSignificantly (P < 0.05) different from values for rhesus macaques and
chimpanzees.

values obtained by each human glucometer were within 2 to
7 mg/dL of the actual BG value for each NHP species, with no
interspecies differences. As illustrated with the Parkes error
grid, the small mean differences seen with the human glucom-
eters would be unlikely to significantly affect clinical treatment
decisions. Although the chart is designed for human use, the
threshold values that are used to determine the consequences
of treatment decisions are applicable to NHP. The majority of
the measurements from the 2 veterinary glucometers fell within
zone B, but the several values that fell within zones C and D
would have directed decisions likely to have negative clinical
consequences.

In humans, glucometers commonly overestimate BG during
hypoglycemia, potentially adversely affecting clinical treat-
ment plans, including the administration of supplemental
glucose.!%2833 One study reported that accuracy is similar
between the different glycemic states but mentioned that this
level of inaccuracy could be much more dangerous in cases
of hypoglycemia than in euglycemia or hyperglycemia.?’ In
our study, the human glucometers both overestimated BG in
hypoglycemic mangabeys, with glucometer HA providing the
greater overestimation. In addition, the human glucometers
underestimated BG in hyperglycemic mangabeys; this under-
estimation was greater with glucometer HB. The overestimation
of low glucose levels and underestimation of high glucose levels
can cause a true abnormal or critical value to be missed. The
differences seen in this study generally were small, but mean
values for the hyperglycemic mangabeys were 9 to 13 mg/dL
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Figure 3. Human glucometer accuracy during hypoglycemia, eug-
lycemia, and hyperglycemia in (A) sooty mangabeys and (B) rhesus
macaques. Both human glucometers underestimated the BG value
in euglycemic and hyperglycemic sooty mangabeys and rhesus
macaques, but a significant difference between the euglycemic and
hyperglycemic states was seen only for mangabeys when glucometer
HB was used. Glucometer HA significantly overestimated the BG val-
ue in the hypoglycemic state as compared with the euglycemic state in
both macaques and mangabeys. Data are given as mean + SE; within
each species, different lowercase letters denote values that differ sig-
nificantly (P < 0.05).

lower than the actual value. This level of inaccuracy might affect
the treatment plan for an animal that is nearing the threshold
of the diabetic range. This level of inaccuracy might also falsely
represent clinical improvement when monitoring and manag-
ing disease progression. A similar pattern was observed among
rhesus macaques; however the difference did not achieve
statistical significance, most likely due to the low number of
hyperglycemic rhesus monkeys.

Several factors, including Hct, can affect the accuracy of
glucometer measurement. Glucose is found within the aqueous
portion of a blood sample.® Because RBC lipid membranes and
hemoglobin exclude water, plasma has relatively higher water
content than does whole blood and consequently a higher glu-
cose concentration.?® Although the specific distribution ratio
differs among species, plasma glucose value is higher than the
RBC-associated glucose level in humans and the previously
discussed veterinary species.!” Decreased RBC concentration
(that is, Hct) causes less displacement of plasma, making rela-
tively more glucose molecules available to react with enzymes
during measurement.?” Conversely, increased Hct causes more
displacement of plasma, making relatively fewer glucose mol-
ecules available to react with enzymes during measurement.?”
In the present study, we expected the glucometers to be less
accurate in sooty mangabeys, due to their inherently higher
Hct, than in the other 2 NHP species. Although we did find
a species-specific difference in Hct ranges, with mangabeys
having a significantly higher Hct than rhesus macaques and
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Figure 4. Comparison of capillary and venous sampling sites for BG
measurement in rhesus macaques. (A) Capillary BG values were sig-
nificantly higher than venous BG values. (B) When evaluating each
glucometer individually, a significant difference between the capillary
and venous BG values was seen only with glucometer HB. Within
each graph, data are given as mean + SE; within each species, different
lowercase letters denote values that differ significantly (P < 0.05).
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Figure 5. Number of strips used per BG measurement, according to
sampling site and glucometer. Significantly more strips were required
for capillary compared with venous sampling. Data are given as
mean + SE; within each species, different lowercase letters denote val-
ues that differ significantly (P < 0.05).

chimpanzees, Hct did not significantly alter glucometer accu-
racy. For all subjects, Hct values were within the range in which
the glucometers are expected to function accurately, according
to the manufacturer’s recommendations. Some human studies,
however, have found that Hct levels outside a range of 35%
to 45% may affect accuracy.3! We might similarly have noted a
significant effect if additional anemic and polycythemic animals
had been included.

Sampling site and fasting status can affect the accuracy of
glucometer measurements. As expected, capillary and venous
BG measurements collected at the same time point signifi-
cantly differed. BG values from venous samples were a mean of
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12 mg/dLlower than capillary samples, but the difference varied,
with as large as a 50 mg/dL difference between capillary and
venous values in some animals. In humans, this difference is most
substantial after a meal or insulin dose.® Although the difference
might be small in a fasted patient, the postprandial difference
might be considerably larger, with as much as a 30% discrepancy
between capillary and venous values.? This difference might not
fully disappear until 4.5 h postprandially; however, venous and
capillary glucose levels might still differ even after overnight
fasting and is intensified by oxygenation changes, pH differences,
and perfusion disturbances.>* Unless an animal was fasted in-
tentionally, the fasting status of NHP patients is often unknown,
especially when emergent or critical cases require immediate
treatment. For this reason, clinicians working with NHP should
be cautious when comparing capillary and venous samples. An
animal might have been hypoglycemic on initial venous blood
work, and evaluating subsequent treatment effectiveness by us-
ing serial capillary measurements might falsely indicate a clinical
improvement. Comparing values obtained from different sites
can be misleading and confusing, leading some users to question
the accuracy of the measurement equipment.

Glucometer measurements can be influenced by delays in
sample processing and analysis. Whole blood that is allowed
to sit at room temperature can lose glucose at a rate of 5% to
7% hourly due to blood cell metabolism.?* Such glycolysis is
generally not problematic when glucometer measurement is
performed immediately after blood collection but can result
in falsely decrease values obtained from central laboratory
devices when analysis is delayed. To separate cells and serum,
samples for serum chemistry should be centrifuged as soon
as possible. In this study, we also used the glycolytic inhibitor
sodium fluoride to delay glycolysis in the samples measured
by using the laboratory analyzer.

In humans, the importance of selecting an appropriate
glucometer has been well established. Several organizations
have published criteria for evaluating glucometer accuracy in
humans, with some creating different criteria for defining hypo-
glycemic and hyperglycemic ranges.39 In 2013, the International
Organization for Standardization (ISO) updated their accuracy
criteria requiring 95% of glucometer measurements to be within
15 mg/dL of actual BG values under 100 mg/dL and within
15% for BG values of 100 mg/dL and higher.® According to our
results, both of the human glucometers we used in this study
meet the ISO standards in all 3 NHP species. Interestingly, many
currently available human glucometers fail to meet the accuracy
criteria when used in human patients. For example, one study
found that 18 of the 34 (52.9%) BG monitoring systems evaluated
did not meet the European minimal conformity standard ISO
15197:2013.8 Other human glucometers may provide clinically
accurate BG measurement in NHP, but it is important to critically
evaluate each glucometer individually. Human glucometers that
are shown to be highly inaccurate for use in humans will likely
also be unacceptably inaccurate for use in NHP.

In addition to accuracy, ease of use is an important consid-
eration for the selection of a glucometer. In this study, samples
sometimes required the use of multiple test strips, due to error
messages. Glucometer strips often cost more than USD$1 each,
and multiple errors can increase the cost of BG monitoring. Er-
ror messages can result from damaged test strips, insufficient
blood sample, incorrect timing of sample application, electronic
errors, temperature extremes, and several other factors. In this
study, significantly more strips were required for capillary
compared with venous sampling. Subjectively, this difference
seemed to be due mainly to insufficient blood sample volume

or difficulty positioning the portion of the test strip that wicks
blood for collection of the sample.

Because the samples evaluated in this study were collected
opportunistically, one limitation was the inability to ensure
an equal distribution of hypoglycemic, euglycemic, and hy-
perglycemic samples. With additional hypoglycemic and
hyperglycemic animals, we might have seen more significant
effects related to the glycemic state. Furthermore, because of the
opportunistic nature of sample collection, we were unable to
ensure a consistent fasting period among animals. Prior studies
show that fasting can affect blood glucose readings between
capillary and venous sampling sites; therefore, knowledge of
the exact prandial status of each animals may have reduced
variance in these analyses.? In addition, not all samples could be
processed immediately after collection, but the potential effects
of this delay were mitigated by use of the glycolytic inhibitor
and by chilling samples prior to processing. Ideally, multiple
instruments of each brand of glucometer would be evaluated
to account for interinstrument variation, but all meters were
checked regularly by using control solutions, as recommended
by the manufacturers.

In this study, the human glucometers produced clinically
acceptable results in the 3 species tested and would likely be
more appropriate than veterinary glucometers in other NHP
species. It is important to note that interspecies differences
in glucose distribution between plasma and RBC can affect
the measurement of glucose in whole blood by glucometers.
Although a small level of inaccuracy may be clinically accept-
able, the glucometers used for research purposes might affect
study data, and any level of inaccuracy is undesirable. Ideally,
the glucose distribution in NHP should be defined and used to
develop a glucometer specifically programmed for each NHP
species. Until NHP-species—specific glucometers are available,
a human glucometer that has proven accuracy in humans and
is used according to manufacturer recommendations is an ac-
ceptable choice for easy and rapid blood glucose evaluation. In
addition, it is important to be aware of the effects that sampling
site (venous compared with capillary), Hct, and other physi-
ologic factors, including blood pressure and pH status, might
have on BG measurement.?

Collection of data needed to calculate NHP-species—specific
glucometer algorithms is underway. Future research directions
might include repeating the current study in additional primate
species, such as New World monkeys, and evaluating BG ac-
curacy in more NHP with abnormally high or low Hct values.
These studies may provide useful information about the effects
of such abnormalities on glucose measurement.
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