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Introduction

Diabetes mellitus (DM) is a relatively common disease in 
dogs. It is characterized by clinical signs of polyuria, poly-
dipsia, and polyphagia, and is defined by persistent hyper-
glycemia and glucosuria.7 The status of canine DM is 
diagnosed and monitored by measuring blood glucose con-
centrations. However, blood glucose concentrations tend to 
vary depending on the time of sample collection and other 
physiologic conditions, such as fasting and stress.6,17 There-
fore, glycated protein markers that can indicate long-term 
glycemic levels have been utilized in human and veterinary 
medicine for the diagnosis and monitoring of DM.12,15,38

Glucose binds to several proteins in circulation, which cre-
ates glycated proteins including hemoglobin A1c (HbA1c) and 
fructosamine.38 HbA1c is formed by the irreversible chemical 
binding of glucose molecules to the amino-terminal group of 
hemoglobin.31 Considering the half-life of red blood cells, the 
concentration of HbA1c reflects the average plasma glucose 
concentration over the previous 2–3 mo.22,26 Fructosamine is 
formed by glycation of total serum proteins.19 Because albumin 
is the most abundant protein in plasma and has a half-life of ~8 
d,11,14 fructosamine concentrations generally reflect the plasma 
glucose concentration over the previous 1–2 wk.5,19–22,38

In human medicine, evaluation of HbA1c concentration has 
been universally adopted to diagnose DM and assess glycemic 
control in DM patients, whereas fructosamine levels are rarely 
used.1,37 In contrast, fructosamine testing has been widely used 
to monitor canine DM patients. However, fructosamine testing 
reagents and equipment are unavailable in some countries.38 In 
addition, fructosamine levels are affected by lipemia and con-
current diseases that disrupt serum protein turnover.10,33,34

Given the molecular and structural similarities between 
canine and human hemoglobin, antibodies developed for 
human hemoglobin can recognize their canine counterpart.3 
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Some studies have suggested that HbA1c testing could be 
applicable to canine DM patients.8,19,20,26,27 Because HbA1c 
testing is infrequently used, and is widely unavailable,8,30 
clinical utility of HbA1c testing is limited in veterinary med-
icine; however, the commercial point-of-care (POC) human 
HbA1c testing system, SD A1cCare analyzer (Bionote, 
Gyeoggi-do, South Korea), is a rapid test, thus clinically 
convenient, and requires a minimal amount of blood and 
minimal handling.3,15 We evaluated the potential utility of the 
SD A1cCare analyzer in the diagnosis of DM in dogs.

Materials and methods

Study design

We performed our study in 3 phases. In phase I, we aimed to 
partially validate the HbA1c assay. In phase II, we assessed 
the discriminatory value of HbA1c levels in different groups. 
In phase III, we compared HbA1c and fructosamine results. 
All animal experimentation was performed in accordance 
with guidelines for the care and use of animals approved by 
the Institutional Animal Care and Use Committee of Seoul 
National University (SNU-180205-4).

Patient selection

In phase I, we enrolled 7 healthy dogs owned by veterinari-
ans of Seoul National University Veterinary Medical Teach-
ing Hospital (SNU-VMTH; Seoul, South Korea) and 15 
SNU-VMTH client-owned DM dogs. Owner consent was 
obtained before enrollment. The patients were used to evalu-
ate HbA1c intra-assay precision and effects of storage (3 
healthy dogs and 4 DM dogs), assay linearity (3 DM dogs), 
and lipemic interference (4 DM dogs with lipemia, 4 DM 
dogs without lipemia, and 4 healthy dogs).

The phase II population was different from phase I. For 
the phase II study, to evaluate the potential value of HbA1c 
as a screening test, 3 groups of dogs were recruited: healthy, 
non-diabetic sick, and diabetic. Owners of healthy dogs con-
sisted of staff and students of SNU-VMTH and voluntary 
participants. Healthy dogs were defined based on the absence 
of remarkable findings in history, clinical signs, physical 
examination, complete blood count (CBC), electrolyte, and 
serum biochemistry tests including total protein, albumin, 
urea, creatinine, alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatase, gamma-glutamyl transfer-
ase, total bilirubin, glucose, calcium, and phosphorus. The 
non-diabetic sick and diabetic dogs were canine patients that 
visited the SNU-VMTH and the Haemaru Referral Animal 
Hospital (HRAH; Seongnam, South Korea). Eligible dia-
betic dogs were enrolled sequentially. Client-owned sick 
dogs without DM were enrolled as non-diabetic sick dogs. 
Naïve diabetic dogs were enrolled based on relevant clinical 
findings including polyuria and polydipsia, hyperglycemia, 
and glycosuria.9 All dogs were enrolled with owner consent.

Diabetic dogs that visited the SNU-VMTH and the HRAH 
for DM monitoring were enrolled in the phase III study. All 
DM dogs received appropriate treatment based on published 
guidelines.36 The DM population included 3 phase II DM 
dogs who received treatment after diagnosis. The healthy 
dog population was identical to phase II.

Sample collection

All blood samples were collected from the jugular vein. In 
phase I, to assess intra-assay precision and effects of sample 
storage, ~3 mL of blood was collected from each dog, and 
~1 mL was aliquoted into EDTA, lithium heparin, and sodium 
citrate tubes, respectively.

To analyze linearity, ~6.5-mL blood samples were col-
lected from each dog. Blood samples were distributed into 
EDTA, heparin, and citrate tubes, 1 mL each. To obtain 
excess serum for dilutions, ~3.5 mL of blood was transferred 
to serum separator tubes (Vacutainer SST II Advance tube; 
Becton Dickinson, Tokyo, Japan) for centrifugation and 
serum harvesting.

For the lipemic interference evaluation, ~4.5 mL of blood 
was collected from each dog; ~1 mL of blood was transferred 
to EDTA tubes, and ~3.5 mL into serum separator tubes.

In phases II and III, ~4.5-mL blood samples were col-
lected; ~1 mL was transferred to EDTA tubes, and ~3.5 mL 
was transferred to serum separator tubes. HbA1c from all of 
the EDTA-anticoagulated samples was measured immedi-
ately after collection.

Serum separator tube samples were allowed to clot at room 
temperature for 30 min followed by centrifugation (1,300 × g) 
for 10 min. After centrifugation, sera were collected.

Measurement of HbA1c percentage

A human immunochromatographic HbA1c testing system, the 
SD A1cCare analyzer, was used to measure HbA1c levels. Val-
ues are reported as a percentage of total hemoglobin. The cor-
responding SD A1cCare test kit (Bionote) includes a test 
cartridge, a tube containing a lysis buffer, and a dropper con-
taining a latex tablet (Fig. 1). The percentage of HbA1c was 
measured according to the manufacturer’s recommendations. 
Briefly, ~5 μL of whole blood was added to the buffer-contain-
ing tube. The blood was mixed thoroughly with the buffer solu-
tion by pipetting with the dropper. The buffer lysed the 
erythrocytes and released glycated hemoglobin and other con-
tents. The latex tablet inside the dropper dissolved and released 
latex microparticles that were conjugated to the specific anti-
body against HbA1c. The mixture containing the resulting 
complex was then transferred to a test cartridge that was 
inserted into the commercial analyzer. The instrument mea-
sures one sample at a time. Three minutes after pushing the 
analyzer’s start button, the percentage of HbA1c results appears 
on the screen. The test was performed blindly, and results were 
recorded along with each dog’s clinical information.
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Phase I: partial HbA1c assay validation

To validate HbA1c percentages measured by the com-
mercial analyzer, we evaluated intra-assay precision, lin-
earity, inter-assay precision, observed total error (TE

obs
), 

and interference. In order to assess intra-assay precision, 
we tested 7 EDTA, 7 heparin, and 7 citrate anticoagulated 
samples from 7 dogs 5 times each on the same day. To 
assess the effect of storage time, we stored EDTA, hepa-
rin, or citrate blood samples at 4°C for up to 7 d. To eval-
uate linearity, we measured HbA1c levels in diluted 
samples (0:100, 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 
70:30, 80:20, 90:10, and 100:0) with EDTA, heparin, or 
citrate as anticoagulants. Serum obtained from each dog 
was used to dilute the samples. Results were analyzed by 
regression analysis (R Foundation, MA). To evaluate 
inter-assay precision, normal quality control (QC) mate-
rial and high QC material (Bionote) were measured 
30 times over 5 d. Bias was calculated using the measured 
mean of QC materials and reported mean provided by the 
manufacturer, according to the formula: bias% =  
| mean

manufacturer
 – mean

measured
 | / mean

manufacturer
 × 100%.16 

TE
obs

 was calculated using coefficient of variation (CV) 
of inter-assay precision and bias according to the for-
mula: TE

obs
 = 2CV + bias%.16

Blood samples from 4 DM dogs with lipemia, 4 DM dogs 
without lipemia, and 4 healthy dogs were used to assess the 
effect of lipid values on HbA1c level. Milky white and turbid 
samples with triglyceride concentration >4.52 mmol/L were 
classified as lipemic. Triglyceride and total cholesterol con-
centrations were measured for serum samples (7180 auto-
matic analyzer; Hitachi, Tokyo, Japan). HbA1c levels were 
measured first using EDTA samples of 12 dogs, followed by 
centrifugation (VS-5000 multi-purpose refrigerated centri-
fuge; Vision Scientific, Daejeon, South Korea) at 1,660 × g 
for 10 min. The plasma was carefully removed from EDTA-
anticoagulated samples, and replaced with an equal volume 
of 0.9% NaCl. After mixing thoroughly, HbA1c levels were 
re-measured.

Phase II: evaluation of HbA1c levels in clinical 
samples

In the phase II patient signalment, clinical history, hematocrit 
(HCT), HbA1c, and glucose levels were recorded. CBC was 
determined (ADVIA 2120i; Siemens, Berlin, Germany). 
Serum biochemistry tests including glucose concentrations 
were measured (7180 automatic analyzer; Hitachi). Descrip-
tive statistics evaluated patient characteristics of each data-
set. A 2-tailed Student t-test was used to compare blood 
glucose and HbA1c levels between diabetic and non-diabetic 
dogs (SPSS 23.0 software; IBM, New York, NY). To deter-
mine if HCT levels affected the HbA1c level, bivariate cor-
relation analysis was performed. To investigate diagnostic 
utility, the concentrations of blood glucose and the HbA1c of 
heathy and DM dogs were further analyzed (R program; R 
Foundation). Predictive models were constructed from the 
data. Associations between DM and HbA1c level were 
examined by using the classification and regression trees 
(CART) method, which is based on a machine-learning algo-
rithm.32

Phase III: comparison of HbA1c to 
fructosamine

Fructosamine concentrations were measured (Catalyst DX 
chemistry analyzer; IDEXX, Westbrook, ME). We assessed 
the agreement between fructosamine and HbA1c by bivari-
ate correlation analysis and Passing–Bablok analysis. Statis-
tical analyses for the phase III study were performed (SPSS 
23.0 software, IBM; R program, R Foundation).

Results

Phase I: partial HbA1c assay validation

The repeated measurement of canine samples treated with 
EDTA, heparin, or citrate as anticoagulants showed great 
intra-assay precision with a mean CV of 2.47%, 2.26%, and 

Figure 1.  The SD A1cCare analyzer and SD A1cCare test kit: A. SD A1cCare analyzer; B. test cartridge; C. dropper; D. buffer tube.
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1.92%, respectively (Supplementary Table 1). The CV ranges 
were 1.36–4.46%, 1.14–2.68%, and 0.99–3.26%, respectively 
(Supplementary Table 1). The HbA1c level in canine whole 
blood was minimally affected by the type of anticoagulant, 
with an overall CV of 2.22%. In the inter-assay precision anal-
ysis, the mean CV of the normal control was 2.18%, and that 
of the high control 2.01% (30 repeats). TE

obs
 of the normal 

control was 7.81%, and that of the high control 6.12%. Regres-
sion analyses on EDTA-, heparin-, and citrate-anticoagulant–
containing diluted blood samples showed excellent linear 
relationships (R2 = 0.991, 0.996, and 0.994, respectively; Sup-
plementary Fig. 1). The HbA1c concentrations were highly 
reproducible up to 3 d of storage with CVs of 1.95%, 1.79%, 
and 2.04% in EDTA-, heparin-, and citrate-containing tubes, 
respectively. However, variability in the results slightly 
increased after 7 d of storage with CVs of 2.90%, 3.40%, and 
3.37%, respectively. The HbA1c level measured before and 
after removal of plasma and replacement by saline showed 
minimal interference by lipid contents (Supplementary Table 
2). The average differences between HbA1c level before and 
after replacement of plasma with saline were 0.1% in lipemic 
DM dogs, 0.1% in non-lipemic DM dogs, and 0.05% in non-
lipemic healthy dogs. There was no significant difference 
between HbA1c level before and after replacement (p = 0.929).

Phase II: evaluation of HbA1c levels in clinical 
samples

The phase II study included 147 dogs: 36 healthy, 87 non-
diabetic sick, and 24 naïve diabetic dogs. The healthy dog 
group was comprised of 17 neutered males, 4 intact males, 3 
neutered females, and 12 intact females. The non-diabetic 
sick dog group comprised 30 neutered males, 12 intact males, 
23 neutered females, and 22 intact females. The diabetic dog 
group comprised of newly diagnosed diabetic dogs included 

17 neutered males, 2 intact males, 3 neutered females, and 2 
intact females. The ages of the healthy dogs was 5 mo to 
14 y (mean: 5 y; median: 4 y). The age range of non-diabetic 
sick dogs was 1–18 y (mean: 10 y; median: 11 y), and that of 
diabetic dogs was 3–16 y (mean: 11 y; median: 11 y).

Glucose levels (reference interval [RI]: 3.3–6.7 mmol/L) 
and HbA1c levels clearly differentiated the diabetic and non-
diabetic groups. Diabetic dogs had a significantly higher glu-
cose level (median: 20.8 mmol/L; range: 11.8–30.0 mmol/L) 
than non-diabetic sick dogs (median: 5.5 mmol/L; range: 
2.3–14.1 mmol/L; p < 0.001). Diabetic dogs also had higher 
glucose levels than healthy dogs (median: 6.1 mmol/L; 
range: 3.7–8.6 mmol/L; p < 0.001). The HbA1c level was 
significantly higher in the diabetic dogs (median: 11.6%; 
range: 6.5–19.6%) than that in both the non-diabetic sick 
(median: 5.6%; range: 4.0–8.6%) and healthy (median: 
5.1%; range: 4.6–6.6%) dogs (p < 0.001). A box plot was 
used to visually compare groups (Fig. 2). The diagnostic 
threshold level of HbA1c was 6.2% (see CART analysis 
below). The data obtained from phase II were subjected to 
CART analysis, which uses a machine-learning algorithm to 
construct a prediction model. The classification tree results 
showed that an HbA1c level >6.2% indicated a high possibil-
ity of DM. Bivariate correlation to determine the effect of 
HCT on HbA1c results revealed no significant correlation 
between the HCT and HbA1c levels (p = 0.595; Supplemen-
tary Fig. 2).

Phase III: comparison of HbA1c to 
fructosamine

The phase III study was composed of 90 dogs including 54 
treated DM dogs and 36 healthy dogs. The diabetic dog 
group consisted of 36 neutered males, 3 intact males, 9 neu-
tered females, and 6 intact females. The ages of the diabetic 

Figure 2.  A. Comparison of serum glucose levels of healthy, non-diabetic sick, and diabetic dogs. The horizontal line represents the 
upper limit of the glucose reference interval, 6.7 mmol/L. B. Comparison of the HbA1c levels of healthy, non-diabetic sick, and diabetic 
dogs. The horizontal line represents a cutoff value of 6.2%.
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dogs was 2–15 y (mean: 10 y; median: 11 y). Bivariate corre-
lation analysis evaluated the degree of correlation between 
the HbA1c and fructosamine levels (RI: 225–375 μmol/L; 
Supplementary Table 3; Fig. 3). HbA1c and fructosamine 
were significantly correlated in the study population over a 
wide range of glycemic control (r = 0.674, p < 0.001). Pass-
ing–Bablok regression analysis also revealed that HbA1c 
and fructosamine were significantly correlated (r = 0.674,  
p < 0.001). The regression line of Passing–Bablok regression 
analysis had an intercept of 2.042 (p = 0.018), and slope of 
0.018 (Supplementary Fig. 3).

Discussion

Our results indicate that the human SD A1cCare analyzer 
HbA1c testing system could be used to evaluate HbA1c in 
canine patients. The HbA1c levels were significantly higher 
in diabetic patients than in their non-diabetic counterparts. 
HbA1c had good agreement with fructosamine levels. Our 
results suggest a potential utility of HbA1c testing in moni-
toring glycemic control in dogs.

HbA1c showed excellent intra- and inter-assay precision. 
A limitation of our study is that potential matrix effect could 
not be evaluated because QC materials were used. The results 
obtained using QC materials vary because of matrix-related 
effects, and clinical samples are required to evaluate a pos-
sible matrix effect.23 In our study, other laboratory validation 
results, including linearity and lipemic interference, suggest 

that the HbA1c testing system provides reliable and repro-
ducible results.

In most cases, HbA1c and glucose levels had good agree-
ment. Both HbA1c and glucose levels of DM dogs were sig-
nificantly higher than those of non-diabetic dogs. Therefore, 
both HbA1c and glucose levels appear to have discrimina-
tory value in distinguishing DM. However, these 2 values 
were not completely concordant; several dogs had normal 
HbA1c levels but elevated glucose levels, which may be 
attributable to stress. Contrary to glucose levels that fluctuate 
within a day, HbA1c levels reflect the degree of glucose 
exposure over time.2 The HbA1c measurement procedure 
does not require fasting or timed samples. In addition, HbA1c 
levels are relatively stable, and unaffected by acute perturba-
tion, such as stress or illness.18,27,28,39

We used a CART method, which employs a machine-
learning algorithm, to create a useful flow chart for assess-
ment of canine DM patients. Unlike traditional analytical 
methods, CART analysis utilizes a tree-building technique. 
Therefore, CART analysis is considered ideal for generating 
clinical decision rules.25,32 The CART-predicted outcomes 
indicate the class to which the data belong and their expected 
numbers. The CART model results showed that HbA1c test-
ing could be used to diagnose canine DM reliably and with 
precision, with a proposed diagnostic threshold of 6.2%.

When using the HbA1c assay, several factors should be 
considered.29 For example, clinical conditions that alter red 
blood cell turnover may lead to spurious HbA1c results.3 In 
our study, the effect of HCT level on the HbA1c level was 
not significant. However, considering the lack of study popu-
lation members with significant anemia (only 1 patient had a 
HCT <0.20 L/L), the result may be inconclusive, warranting 
further study. Although DM diagnosis using HbA1c in non-
anemic or non-polycythemic patients may be reliable, care 
should be taken when a patient has severe anemia, polycy-
themia, or has a history of blood transfusion.4,13

Phase III of the study demonstrated that fructosamine and 
HbA1c levels were highly correlated. In veterinary medi-
cine, fructosamine testing has been widely used because that 
assay’s RI and relevant clinical data are well established.19 
However, clinicians should exercise caution when interpret-
ing fructosamine levels of patients with an abnormal rate of 
serum protein turnover, such as subjects with hyperthyroid-
ism, protein-losing enteropathy, nephrotic syndrome, or liver 
failure.15,24,34,40

In human medicine, HbA1c is more commonly used for 
diabetic monitoring than fructosamine, because diabetic care 
is rarely adjusted within a 1–2 wk period.35 Moreover, fruc-
tosamine testing may only be available in commercial refer-
ence laboratories, increasing the difficulty in adjusting a 
patient’s treatment schedule efficiently.13 Fructosamine test-
ing requires a serum sample, whereas HbA1c testing requires 
only 5 µL of whole blood. Measurement of HbA1c is much 
faster and simpler than fructosamine testing because it does 
not require additional sample preparation. In addition, DM 

Figure 3.  Distribution of HbA1c and fructosamine in diabetic 
and healthy dogs. Circle (o) indicates diabetic dogs, and x indicates 
healthy dogs. Cutoff values of 6.2% for HbA1c and 375 μmol/L for 
fructosamine are indicated.
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patients are prone to develop hyperlipidemia, which may 
lead to a falsely decreased fructosamine level.2,34 Unlike 
fructosamine, HbA1c level was not influenced by serum 
lipid level in our study. To validate clinical utility of HbA1c 
testing in monitoring canine DM, further studies are war-
ranted, including thorough follow-up analysis after variably 
prolonged insulin treatment.
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