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Abstract

Background: Annual wellness testing is widely recommended for apparently healthy
dogs, but there is little data to assist with distinguishing normal variation from clini-
cally important changes.

Objectives: To define variability in biochemistry analytes between annual wellness
tests in healthy Golden Retrievers.

Animals: Four hundred thirty-four Golden Retrievers undergoing annual health
assessments by their primary care veterinarians as part of a prospective cohort study.
Methods: Changes in 23 biochemistry analytes were calculated between year 1 and
year 2 health checks for 196 dogs classified as healthy for 23 consecutive years.
Using a direct nonparametric method, annual change intervals were constructed to
define normal variability. A validation cohort of 238 dogs without a diagnosis of sys-
temic disease for >3 consecutive years were compared with the reference and annual
change intervals, and the proportions of dogs outside annual change intervals and a
population-based reference interval were compared by using a McNemar test.
Results: Annual change intervals were calculated based on 190 dogs after outlier
removal. For all 23 analytes, >90% of dogs in the validation cohort were within the
annual change interval. There were no significant differences in the classification by
reference versus annual change intervals.

Conclusions and Clinical Importance: The annual change intervals met performance
requirements for classification of dogs that did not develop systemic disease in the

year following wellness testing as normal.
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1 | INTRODUCTION

Routine biochemistry testing of apparently healthy dogs is often rec-
ommended but remains controversial.» In part, this reflects difficulty

in interpreting the results because routine wellness testing frequently
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detects values outside reference interval but there is little information
regarding whether such changes are clinically important.>4> Failure to
respond to abnormalities could be a missed opportunity for early diag-
nosis and initiation of treatments that might improve quality of life
and longevity.>” On the other hand, overreaction to unimportant
alterations in laboratory data might trigger unnecessary diagnostics
and interventions,® risking iatrogenic injury and increasing veterinary
costs, which has been linked to owner dissatisfaction and reduced
likelihood of seeking veterinary care.81°

To assist with interpretation of wellness testing, veterinarians are
advised to compare sequential annual results to identify trends away
from an individual's baseline.>** This approach could be helpful for
determining the clinical importance of out-of-reference-interval
results and for identification of alterations in analytes that vary more
across the population than within a single individual.'?> For these
analytes, a subject-based reference interval derived from changes
within healthy individuals over time has greater sensitivity than a
single-time point population-based reference interval for detecting an
alteration in analyte concentration exceeding that expected in normal
animals.'2 The most common form of subject-based reference interval
is the reference change value (RCV), which defines the boundaries
within which an analyte might be expected to vary in a healthy indi-
vidual owing to analytical and biological variation alone.*?*3 Changes
exceeding the RCV are therefore suggestive of a change in health or

physiological status (eg, pregnancy).141¢

RCVs have been reported for canine biochemistry analytes.?17:18

RCVs are usually calculated based on estimates of between-
and within-individual variation derived from statistical partitioning of
results generated by repeated sampling of a relatively small number of
healthy animals over weeks to months.*®>*® Such results are valuable
for evaluating serial data from sick individuals generated over similar

periods'?-??

and, for many analytes, appear to be generalizable to the
longer intervals separating annual wellness samples.??> However, it is
unclear if this is true for all analytes. 22 Research studies might also
underestimate the variability in a primary care setting, where veteri-
narians have little control over factors such as duration of fasting. The
Golden Retriever Lifetime Study (GRLS) is a prospective cohort study
that involves annual laboratory testing and health assessment of a
large number of dogs and therefore offers a unique resource for esta-
blishing variability in biochemistry results between wellness assess-
ments for healthy dogs.

The primary aim of this study was to determine reference inter-
vals for variability in biochemistry analytes between annual wellness
tests in healthy Golden Retrievers. To avoid confusion between our
results and RCVs, the resulting reference intervals are referred to as
annual change intervals (ACls). Secondary aims were to (a) determine
if a single time-point population-based reference interval or ACI
produced a greater proportion of abnormal results for dogs that
remained free from diagnosed systemic disease for 12 months after
annual wellness testing, and (b) compare performance of ACls and
published RCVs for classification of dogs that remained free from
diagnosed systemic disease for 12 months after annual wellness

testing.
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21 | Data generation

All data were generated as part of the GRLS with informed owner
consent and ethical approval from the Morris Animal Foundation's
Animal Welfare Advisory Board. Enrolled dogs underwent an annual
health check by their primary care veterinarian, including a full physi-
cal examination and submission of blood, serum and urine to a com-
mercial reference laboratory (ANTECH Diagnostics and Imaging) for
complete blood count, biochemistry profile, and urinalysis. Methodol-
ogy and instrumentation are provided in Supplementary Table 1.
Owners were requested to fast dogs before blood sampling, and com-
pliance was recorded. Physical exam findings and all prescribed medi-
cations and veterinary diagnoses in the previous 12 months were
recorded by the veterinarian in an annual electronic questionnaire.
Additionally, if the dog was diagnosed with malignant neoplasia, died,
or was euthanized, this was reported. Owners also completed exten-
sive annual health questionnaires including reproductive history. More
detailed information regarding study methodology has been previ-

ously published.Z3%*

2.2 | Selection of dogs for inclusion in annual
change interval construction

Initial search of the GRLS database identified 2458 dogs with at least
3 years of data available, to which strict criteria were applied to iden-
tify healthy dogs for inclusion in ACI construction. Because wellness
testing aims to identify subclinical disease, for inclusion in the calcula-
tion of ACls, dogs had to meet our criteria for classification as healthy
in both of the 2 years used to calculate the annual change value and,
also, in the following 12 months. Specifically, dogs were considered

healthy if for 3 consecutive years:

1. No drugs were prescribed other than routine antiparasite treat-
ment, vaccination and nonprescription supplements.

2. Physical exam was within normal limits. Physical exam findings
not considered important are available as supplementary data
(Supplementary Table 2).

3. No diagnosis was entered in the health questionnaire.

4. The dog remained alive and enrolled in the study.

To reduce effects of bone growth on analytes such as alkaline
phosphatase (ALP) and phosphate, dogs were excluded if <1 year old
at the start of the 3-year testing sequence.?” Bitches were excluded if
pregnant in years 1 or 2 of the testing sequence. Owing to require-
ments for future aspects of this project, dogs were excluded if they
developed malignant neoplasia at any point in the study, regardless of
whether the dog met inclusion criteria for other available years. For
dogs with more than 3 consecutive years of data meeting these inclu-
sion criteria, 1 block of 3 consecutive years for inclusion was selected

by random number generator (Random.Org, www.random.org).
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2.3 | Annual change and reference interval
generation

For each dog included in the reference sample group, annual change
values were calculated for each analyte by subtracting the second
included year's result from the first included year's result. A percent-
age annual change was also calculated using the equation [(Year 2's
result — Year 1's result)/Year 1's result)]*100. Positive annual change
values therefore reflect an increase, and negative annual change
values a decrease in the analyte between the year 1 and year 2 health
check.

For both year 1 and 2 data, outliers were identified by the Reed
method and dogs with 1 or more outlier result in either year were
excluded from further analysis for all analytes.2® Three reference inter-
vals were constructed for each analyte: (a) a conventional population-
based reference interval calculated using the year 1 data; (b) a
reference interval for the annual change values in analyte-specific units
(ie, analyte-specific unit ACIl); and (c) a reference interval for the per-
centage annual change values (ie, percentage ACI). Reference intervals
were calculated according to the American Society of Veterinary Clini-
cal Pathology's guidelines using the Reference Value Advisor plugin for
Excel.?”-28 Provided that at least 120 reference individuals were avail-
able, a nonparametric reference interval encompassing the central 95%
of results was calculated, together with 90% confidence intervals (Cls)
for the reference limits. For analytes with less than 120 reference indi-
viduals, normality of the data distribution was assessed by the Ander-
son Darling test, and if data were not normally distributed (P < .05),
Box-Cox transformation was performed and the Anderson Darling test
repeated to confirm normality. Reference intervals for analytes with
between 40 and 119 reference individuals were then calculated using
the robust method with 90% Cls determined by bootstrapping.

24 | Validation cohort of dogs without diagnosed
systemic disease

ACls were constructed using only dogs meeting very strict health
inclusion criteria, potentially leading to excessively narrow intervals
that would lead to out-of-interval results for dogs with minor health
conditions but free from the serious systemic diseases that annual
wellness testing aims to detect. To determine if ACls would generate
excessive false-positive results for the general population of Golden
Retrievers undergoing wellness testing, a validation cohort of dogs
were selected using less stringent health criteria. Dogs were eligible
for inclusion in the systemically healthy cohort if they were not part
of the ACI generation cohort due to 1 or more minor abnormalities
but were free from systemic disease, as defined by the following

criteria:

1. Not receiving drugs on the day of health check in year 1 or 2, other
than routine antiparasite treatment, vaccination, or nonprescrip-
tion supplements. Prescription drugs could have been prescribed

at other times during years 1 and 2.

2. Unremarkable physical exam for 3 consecutive years. Physical
exam findings not considered important are available as supple-
mentary data (Supplementary Table 3).

3. No diagnoses entered for 3 consecutive years, other than otitis
externa, hot spots, benign skin neoplasia, traumatic skin wounds,
iris cyst, distichiasis, miscellaneous other diagnosis entered in the
questionnaire but considered trivial (eg, full anal glands, missing
dentition) and musculoskeletal disease other than panosteitis,
immune-mediated arthritis, masticatory myositis, neoplastic lesions,
or metabolic bone disease. Dogs with such diagnoses were included
on the basis that they would be unlikely to influence biochemistry
data or be a sign of serious systemic illness. Specific diagnoses in
dogs included in the systemically healthy cohort are provided
(Supplementary Table 4).

4. At least 12 months old at the time of the year 1 health check.

5. Not pregnant in year 1 or 2.

6. Did not develop malignant neoplasia, including in years outside the
included 3-year testing block.

For dogs with more than 3 consecutive years of data meeting
these inclusion criteria, 1 block of 3 consecutive years for inclusion
was selected by a random number generator. Annual changes were
calculated as described earlier and were compared to the upper and
lower limits of the percentage and analyte-specific unit ACls. Results
of the second year's biochemistry testing were compared with the
population-based reference interval. The proportion of dogs within
reference interval or ACls was calculated for each analyte.

We considered that an ACl was suitable for use for healthy
Golden Retrievers if no more than 10% of the dogs without a diagno-
sis of systemic illness had results outside the ACI for that analyte (ie,
<10% of healthy dogs had a false-positive result). For both the per-
centage and analyte-specific unit ACls, the proportion of dogs classi-
fied as within the ACI was compared with the proportion of dogs
within the population-based reference interval using the McNemar
test for paired samples. Bonferroni correction was applied for the
46 comparisons performed, so P < .0010 was considered significant. A
sample size calculation determined that at least 168 dogs were
required to detect a 10% difference in the proportion of dogs outside

reference interval vs ACI with 80% power and an alpha of 0.001.

2.5 | Comparison of annual change intervals and
published reference change values

Classification of the validation cohort was compared between per-
centage ACls and reference change intervals calculated using canine
intraindividual coefficients of variations provided in 2 sources.'®??
Reference change values were calculated using the equation:
RCV=1.96x 27 x (CV} + cv,i)o's, where CV, is the within-individual
coefficient of variation and the CV, is the analytical variation pro-
vided in the original publication. These published CV estimates will
reflect performance of the analytical methods used in the original

studies, and as CVa will vary between methods and laboratories,
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Reference 30 might not be representative of analytical performance
in the current study. Analytical imprecision data for the reference lab-
oratory used in the current study are proprietary and thus a
laboratory-specific RCV could not be calculated. To provide some
estimate of the effect of methodology, a second RCV was calculated
using the maximum imprecision reported for human serum or control
materials in the datasheet for each of the assays used (Supplementary
Table 1).

For each RCV, the proportion of dogs in the validation cohort
with a percentage annual change exceeding RCV was compared to
the proportion with an annual change exceeding the upper and lower
limits of the percentage ACI, using the McNemar test for paired sam-
ples. Bonferroni correction was applied for the 25 comparisons per-
formed, resulting in P <.002 being considered significant. Statistical
tests and sample size calculation were performed using the MedCalc

Software version 18.11.6.

3 | RESULTS

3.1 | Demographics

One hundred ninety-six dogs met the criteria for inclusion in refer-
ence interval and ACI generation. Physical exam findings that were
considered trivial are available as supplementary data (Supplementary
Table 2). At baseline, there were 54 intact females, 41 spayed females,
66 intact males, and 35 neutered males. Between the first and second
blood draw, 9 females were spayed and 11 males were neutered.
Median age at baseline was 2 years (range 1-5years). Owners
reported that dogs had been fasted in 181 of 196 (92%) of the
included year 1 samples and 184 of 196 (94%) of the year 2 samples.
For year 1 samples collected after fasting, duration of fasting was
>12 hours for 86 of 181 dogs, 8 to 12 hours for 59 of 181 dogs, 4 to
8 hours for 20 of 181 dogs, and 2 to 4 hours for 12 of 181 dogs and
not recorded for 4 of 181 dogs. For year 2 samples collected after
fasting, duration of fasting was >12 hours for 86 of 184 dogs, 8 to
12 hours for 61/184 dogs, 4 to 8 hours for 20 of 184 dogs, and 2 to
4 hours for 17 of 184 dogs.

Two hundred thirty-eight dogs did not meet our strict inclusion
criteria for reference interval and ACI generation but did meet our less
rigorous inclusion criteria for classification as “free from diagnosed
systemic disease for 3 consecutive years”. For this validation cohort,
diagnoses or physical exam abnormalities considered not to be evi-
dence of systemic disease are available as supplementary data
(Supplementary Tables 3 and 4). At baseline, there were 36 of
238 intact females, 65 of 238 spayed females, 67 of 238 intact males,
and 70 of 238 neutered males. Neutering status did not change
between year 1 and year 2 in any dog. Median age at baseline was
2 years (range 1-5 years). Owners reported that dogs had been fasted
in 228 of 238 (96%) of the included year 1 samples and 223 of
238 (94%) of the year 2 samples. For year 1 samples collected after
fasting, duration of fasting was >12 hours for 122/228 dogs, 8 to
12 hours for 67 of 228 dogs, 4 to 8 hours for 18 of 228 dogs, and

2 to 4 hours for 19 of 228 dogs and not recorded for 2 of 228 dogs.
For year 2 samples collected after fasting, duration of fasting was
>12 hours for 107 of 223 dogs, 8 to 12 hours for 75 of 223 dogs, 4 to
8 hours for 21 of 223 dogs, and 2 to 4 hours for 20 of 223 dogs. Sta-
tistical comparison of characteristics of the 2 cohorts is provided

(Supplementary Table 5).

3.2 |
intervals

Population and annual change reference

Outlier detection identified 6 of 196 dogs with at least 1 extreme
result by the Reed method, and these dogs were excluded from refer-
ence interval and ACI construction for all analytes. For the remaining
190 dogs, there was at least 1 dog with missing data in 1 or both years
for 16 of 23 analytes. Reasons for missing data were not recoverable
for individual dogs. For 22 of 23 analytes, the number of dogs with
available data exceeded the minimum of 120 needed for nonparamet-
ric reference and annual change interval construction. For lipase,
83 dogs had results in year 1 and 82 in year 2. The reference interval
and ACls for lipase were therefore calculated using the robust method
after Box-Cox transformation (P > .672 for symmetry tests after Box-
Cox transformation). Population-based reference intervals (Table 1)
and ACls (Table 2) are provided. Histograms for each analyte are sup-
plied (Supplementary Figures 1, 2, 3). Comparison of the Golden
Retriever population-based reference interval calculated here and the
reference laboratory's general population-based reference interval is

provided (Supplementary Table 6).

3.3 | Classification of dogs in the validation cohort
Of the 238 dogs that were not included in reference or ACI genera-
tion but had at least 3 consecutive years of data without a diagnosis
of systemic disease, 173 had at least 1 missing biochemistry value.
Reasons for missing data for individual dogs were not recoverable.
Additionally, 1 dog was excluded from analysis of calcium and potas-
sium because of suspected data entry error or EDTA contamination
(0.5 mg/dL for total calcium, 18.1 mmol for potassium). The sample
size requirement for comparison of the proportion of dogs within the
population-based reference interval vs ACl was exceeded for all
analytes except lipase, for which data were available from only
65 dogs.

For all analytes, >90% of the dogs were within the reference
interval and ACls, meeting our pre-specified performance requirement
for correctly classifying as normal at least 90% of dogs that did not
develop diagnosed systemic diseases in the year following wellness
testing. The proportion of dogs with year 2 results within the
population-based interval was not different from the proportion
within the analyte-specific unit or percentage ACI for any analyte
using the multiplicity corrected alpha of 0.0010 (Table 3).

For 12 of 25 RCVs calculated using published biological and ana-
lytical variation estimates, there was no difference between the
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TABLE 1 Population-based reference interval

Analyte N Median (range) Lower limit (90% Cl) Upper limit (90% ClI)
Albumin (g/dL) 189/190* 3.7(3.2,44) 3.2(3.2,3.3) 4.1(4.0,4.4)
ALP (U/L) 188/190* 24 (8, 199) 9 (8, 10) 65 (53, 199)
ALT (U/L) 190/190 30 (13, 242) 18 (16, 19) 100 (62, 126)
Amylase (U/L) 189/190* 529 (255, 1670) 321 (255, 338) 1195 (1076, 1670)
AST (U/L) 190/190 24 (8, 53) 15 (14,17) 40 (38, 47)

BUN (mg/dL) 190/190 16 (8, 34) 10 (9,10) 25(22,29)
Calcium (mg/dL) 189/190* 10.2(8.1,11.2) 9.4(8.1,9.6) 11.0(10.7,11.2)
Chloride (mmol) 189/190* 114 (108, 120) 110 (108, 111) 118(117, 120)
Cholesterol (mg/dL) 189/190* 258 (133, 469) 164 (133, 173) 404 (382, 469)
Creatine kinase (U/L) 190/190 81(13,427) 35 (30, 44) 288 (201, 374)
Creatinine (mg/dL) 190/190 1.0 (0.0, 1.4) 0.7 (0.0, 0.8) 1.3(1.3,1.4)
GGT (U/L) 190/190 5(1,12) 2(1,3) 9(9,12)
Globulin (g/dL) 189/190* 2.7 (2,3.6) 2.2(2.0,2.3) 3.4(3.2,3.6)
Glucose (mg/dL) 189/190* 90 (52, 123) 66 (52, 73) 110 (106, 123)
Lipase (U/L) 83/190* 230 (64, 707) 66 (54, 80)" 769 (635, 907)"
Magnesium (mg/dL) 189/190* 1.7 (1.3, 2.5) 1.5(1.3, 1.5) 1.9 (1.9, 2.5)
Potassium (mmol) 189/190* 4.3(3.7,5.1) 3.8(3.7,3.9) 4.9(4.8,5.1)
Phosphate (mg/dL) 189/190* 3.5(1.7, 6.5) 2.3(1.7,2.5) 4.8 (4.6, 6.5)
Sodium (mmol) 189/190* 148 (143, 154) 144 (143, 145) 152 (151, 154)
Total bilirubin (mg/dL) 189/190* 0.2 (0.1,0.4) 0.1(0.1,0.1) 0.3(0.3,0.4)
Total protein (g/dL) 189/190* 6.3(5.4,7.4) 5.7(5.4,5.8) 6.9 (6.8,7.4)
Total T4 (pg/dL) 190/190 1.7 (0.5, 3.7) 0.7 (0.7, 0.8) 2.8(2.8,3.2)
Triglycerides (mg/dL) 189/190* 47 (22, 174) 29 (22, 31) 131 (122, 174)

Note: * indicates data missing from at least one reference individual. Reasons for missing data could not be retrieved for individual dogs; “indicates
calculation using the robust method with 90% CI after Box-Cox transformation. All other reference intervals are nonparametric. Cl, confidence interval.

proportion of the validation cohort with a change exceeding RCV and
the proportion exceeding the ACI. For 1 of 25 RCVs, a higher propor-
tion of the apparently healthy validation cohort were within the RCV
than the ACI, and for 12 of 25, a higher proportion were within the
ACI (Table 4). When the RCV was calculated using published biologi-
cal variation estimates and the manufacturer reported analytical varia-
tion for the assays used in the current study, more apparently healthy
validation dogs were outside RCV than the ACI for 14/25 RCVs. For
the remaining 11 of 25 RCVs, there was no difference between the
proportion of the validation cohort outside RCV and ACI (Table 5).

4 | DISCUSSION

This study defines annual variability in biochemistry testing results in
a group of Golden Retrievers assessed as healthy by their owners and
primary care veterinarians. To assist with interpretation of annual
wellness testing, we have calculated ACls using a direct nonparamet-
ric method. For an individual dog, the difference between 2 consecu-
tive wellness testing results can be compared with the ACI for the

analyte. Differences that fall above or below the ACI are greater than

the changes observed in approximately 95% of the healthy Golden
Retrievers included in this study, and thus could be evidence of a
change in health status.

It should be emphasized that ACls are a form of reference interval
rather than a clinical decision limit, so an out-of-interval result does
not definitively indicate disease or necessarily require diagnostic or
therapeutic interventions. The direct nonparametric approach defines
the central 95% of results for the population and so approximately 5%
of healthy animals fall outside the ACls, even when they are applied
to results generated for dogs with very similar characteristics to our
study population.?® Therefore, as with single-time point population-
based reference intervals, the clinical relevance of an out-of-interval
result should be evaluated based on the magnitude of the difference
between the dog's result and the reference limit, plus the overall clini-
cal picture and information about husbandry and physiological alter-
ations such as pregnancy.®!

Misclassification of healthy dogs as abnormal or diseased dogs as
normal is likely to increase if the ACls are applied to results generated
by another laboratory.?832 The statistical approach used for ACI gen-
eration does not attempt to separate preanalytical and analytical error

from homeostatic variation. ACls are therefore an estimate of the
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TABLE 3 Classification of the validation cohort by the population-based reference interval and annual change intervals
Population-based Annual change interval Annual change
Analyte (N) reference interval (analyte-specific units) interval (%)
Proportion Proportion
Proportion within within
Median (range) within RI (%) Median (range) ACI (%) Pvalue Median (range) ACI (%) P value

Albumin (234) 3.6(2.9,4.3) 95.3 -0.1(-0.6,1.0) 97.0 .39 -3(-17,42) 94.9 1.0
ALP (231) 25 (7, 145) 94.4 -3(-84,97) 91.8 21 -12(-65,363) 92.6 .56
ALT (238) 29 (6, 183) 96.6 —1(-296, 146) 97.5 76 -4(-92,395) 958 79
Amylase (234) 541.5(243,2154) 94.0 —-17 (-557, 1887) 95.7 .51 -3(-78, 207) 97.4 .04
AST (238) 24 (6, 86) 95.0 -1(-52, 58) 96.6 49 -4(-78,207) 950 1.0
BUN (238) 15 (8, 35) 94.5 -1(-14, 15) 91.2 17 -5(-57,156) 90.8 12
Calcium (233) 10.1(9.4,11.3) 99.1 -0.2(1.0,-1.2) 96.6 .03 -2(-11,11) 96.1 .01
Chloride (234) 114 (104, 121) 96.6 0(-9,7) 96.6 1.0 0(-7,6) 96.6 1.0
Cholesterol (234) 272 (155, 573) 94.9 2(-210, 165) 93.6 .65 1(-50, 94) 95.3 1.0
Creatine kinase (238) 79 (4, 736) 95.8 -3(-1014, 677) 95.0 79 -3(-95,1147) 945 .63
Creatinine (238) 1(0, 1.6) 95.4 0.0(-1.2,0.3) 97.9 .07 0(-100, 43) 95.0 1.0
GGT (238) 5(1, 10) 99.2 0(-5,7) 99.6 1.0 0 (—80, 400) 98.7 1.0
Globulin (234) 2.6(1.9,3.7) 96.6 0.1(-0.7,0.9) 98.7 .18 4 (-22,44) 97.0 1.0
Glucose (234) 91 (53, 118) 96.6 0(-36, 62) 97.0 1.00 0(-40, 214) 96.6 1.00
Lipase (65) 233 (59, 676) 98.5 16 (—298, 499) 93.8 .38 8 (-39, 330) 95.4 .63
Magnesium (234) 1.7 (1.4,3.1) 97.9 0.0(-0.3,1.5) 97.4 1.0 0(17, 94) 95.3 .18
Potassium (233) 4.4 (3.5,5.4) 97.0 0.0(-0.9,0.7) 97.4 1.0 0(-18,17) 96.6 1.00
Phosphate (234) 3.6 (1.6, 6.2) 94.4 -0.3 (-4.9, 3.4) 96.6 27 -8(-58,121) 932 .58
Sodium (234) 148 (125, 155) 95.7 0(-22,9) 94.0 .39 0(-15, 6) 94.0 .39
Total bilirubin (234) 0.2(0.1,0.5) 98.7 0.0(-0.2,0.2) 98.3 1.0 0 (-67, 200) 98.7 1.0
Total protein (234) 6.3(5.3,7.3) 92.3 0.1(-0.7,1.3) 98.7 .001 1(-10, 25) 97.0 .04
Total T4 (238) 1.6 (0.49, 3.7) 96.2 -0.1(-1.9,1.3) 97.5 .61 -5(-61,120) 983 .23
Triglycerides (234) 46 (10, 151) 95.7 1.0(-128, 106) 97 .59 2 (-76, 354) 96.2 1.0

Note: For the 238 dogs without a diagnosis of systemic disease for 3 consecutive years, year 2 results were compared with the population-based reference
interval and the change between year 2 and year 1 compared with the annual change intervals. The proportion of dogs classified as within reference
interval was compared with the proportion within each annual change interval by the McNemar test with P < .001 considered significant. ACI, annual

change interval; RI, reference interval.

total, rather than physiologic, variation between annual wellness test
results in healthy dogs. This is a major difference from most RCV stud-
ies, which typically provide separate estimates of physiologic within-
individual variation and analytical variation introduced by imprecision
in laboratory techniques.'? Analytical performance varies between dif-
ferent laboratory methods and instruments, and even between labora-

tories 30,33

using the same instrumentation and methodology.
Partitioning variation allows recalculation of the RCV using an esti-
mate of analytical variation for the specific laboratory, reagent, and
instrumentation used for clinical samples.*?2 Our ACls cannot be rec-
alculated using laboratory-specific data, and instead it would be nec-
essary to perform a transference study to determine if the ACls can
be used to interpret results from other laboratories.3?

Although this is a weakness of our approach, it might be more
practical for veterinarians to perform a transference study than to
recalculate a

laboratory-specific RCV. In its simplest form, a

transference study can be performed using 20 normal animals, with a
previously established interval considered suitable for use by another
laboratory if results of no more than 2 animals fall outside the limits
of the interval.28 Veterinarians routinely performing wellness testing
at a single laboratory could likely relatively easily identify 20 healthy
animals with 2 serial results. In contrast, veterinarians might not be
able to obtain proprietary information about analytical performance
necessary for recalculation of the RCV for their reference laboratory.
Neither transference studies nor RCV re-calculation would resolve
difficulties in comparing results generated in multiple different labo-
ratories, but this might be less relevant to wellness testing performed
by a single primary care provider, compared to monitoring of sick
dogs tested at their primary veterinarian, emergency and referral
centers.

Transference studies are also needed to determine if our ACls are

suitable for use in other groups of dogs. As our study population
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includes dogs from across the United States belonging to many differ-
ent owners, there was likely considerable variation in husbandry and
environmental exposures, so our results might not be directly applica-
ble to dogs with specific exposures known to influence biochemistry
parameters (eg, raw diets, high intensity exercise).>*® The current
study is also restricted to Golden Retrievers, most of whom were
young adults. Human data suggest that biological variation is similar
between young and elderly subjects, but this has not been confirmed
in dogs.®”-*8 As the GRLS participants age, it will be possible to deter-
mine if these intervals appropriately reflect variability in geriatric dogs
but, until these data are available, caution should be used if applying
these intervals to older dogs. Similar transference studies will also be
necessary before applying our ACls to sequential results generated
for other breeds and dogs <1 year old.2>?8537 |t will also be important
to determine if the ACls are suitable for use when different sample
handling conditions apply. Our specimens were shipped to the com-
mercial reference laboratory, potentially increasing variability of labile
analytes compared with samples analyzed immediately after
collection 4041

Our ACls are intended to be applied to apparently healthy dogs,
rather than for monitoring animals with a previous diagnosis of dis-
ease. Individuals with stable disease show greater within-individual
variation than healthy individuals for some but not all analytes and
wider ACIs might therefore be required for monitoring disease pro-
gression.*? Our inclusion requirements for defining dogs as healthy
for ACI construction were rigorous, including 3 years of study data
with no recorded diagnoses, no medications, or abnormal physical
exam findings. One concern is that by using these restrictive inclu-
sion criteria, we could have developed ACIs that were too narrow
for a general population of apparently healthy dogs undergoing
annual wellness testing.*® Inclusion of only 1 pair of results from
each dog could also have led to underestimation of within-individual
variation. We therefore identified a validation cohort of dogs that
were not receiving medication on the days of blood collection and
were considered systemically healthy by their owners and primary
care veterinarians at each health check in a 3-year period, but had
been diagnosed with minor health problems such as otitis externa or
traumatic injuries during this time. It should also be noted that for
inclusion in the validation cohort, there was no requirement for a
specific drug free interval, and it is possible that, for example, recent
steroid administration might have influenced laboratory results for
some included dogs. For all analytes, less than 10% of these dogs
were outside the ACls, which we considered evidence that our ACls
are not too narrow for application to a more general population of
apparently systemically healthy Golden Retrievers undergoing well-
ness testing.

The use of published RCVs or RCVs recalculated using
manufacturer-derived estimates of analytical precision frequently
resulted in a higher proportion of the healthy validation cohort being
classified as abnormal, compared with classification by the percentage
ACls. Poorer performance for RCVs likely reflects, at least in part, that

RCVs could not be recalculated using laboratory-specific analytical

N
coefficients of variation because confidential proprietary imprecision
data were not available. The influence of analytical variation estima-
tion on RCV is emphasized by the high proportion of the validation
cohort outside many of the RCVs derived using imprecision reported
by the assay manufacturer, probably reflecting that imprecision pro-
vided in assay datasheets underestimates long-term imprecision in a
clinical setting. With the caveat that the RCVs used here are not spe-
cific for the testing laboratory, comparison of RCVs and the ACls does
identify 2 interesting observations. Firstly, there is consistency
between our results and published RCVs for some analytes. For exam-
ple, creatinine has an annual change interval that is almost identical to
2 published RCVs, suggesting that this analyte show similar short- and
long-term variabilty.2®4* Secondly, for some RCVs (eg, cholesterol,
BUN, total thyroxine), there is a marked difference in the proportion
of the validation cohort dogs with an increase vs a decrease that
exceeds RCV. This could reflect that published canine studies typically
use a nested analysis of variance to calculate RCVs for skewed
datasets.*®

Determining performance in the validation cohort will identify
intervals that are too narrow and so misclassify an excessive number
of healthy dogs as abnormal, but cannot reliably detect intervals that
are too wide and so misclassify diseased dogs as normal. Excessively
wide intervals can be generated when diseased animals are inadver-
tently included in the population used for interval construction.*®
Defining an animal as healthy is always a challenge, and this is particu-
larly true for intervals that will be applied to wellness testing, where
the aim is to detect subclinical or early disease rather than overt ill-
ness.*” We tried to minimize the potential for including unhealthy ani-
mals in reference interval and ACI construction by requiring dogs to
be free from disease both in the 2 years used to calculate the annual
change value and in the following year. However, as this was based
on assessment by a large number of owners and primary care veteri-
narians, there is likely to be variability in the detail entered in ques-
tionnaires or in the criteria used to make diagnoses. In a busy practice
setting, it is also possible that suboptimal sample handling could have
introduced artifacts for some samples, and self-reported data revealed
variability in owner compliance with fasting.

To maximize the generalizability of our study, we wanted to
incorporate this variability expected for samples collected in a practice
setting but to minimize the likelihood of inadvertent inclusion of
sick dogs or the effect of serious technical or data recording errors
(eg, failure to separate serum before mailing).***¢*® We therefore
employed statistical outlier detection to eliminate dogs with 1 or more
extreme value from reference interval and annual change interval gen-
eration. This is sometimes discouraged when performing a tightly con-
trolled reference interval generation study because it can lead to
underestimation of the true variability in normal animals, but is gener-
ally accepted in settings such as this, where data were not specifically
generated for reference interval construction.?24¢ However, it should
be noted that statistical detection alone cannot completely eliminate
the risk of including unhealthy animals, particularly as we used a con-

servative method for outlier detection that favors data retention.?¢28
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We used this method, rather than the more rigorous Horn's algorithm
using Tukey's interquartile fences because it is relatively insensitive to
data distribution and for several of our analytes, Gaussian distribution
was not achieved even after data transformation.2¢*’

Future investigation of the ability of ACls to distinguish healthy
vs unhealthy dogs is required. It is interesting that we did not find sig-
nificant differences in the proportions of dogs considered systemically
healthy with results within the population-based reference interval
compared with the ACls. This suggests that there is not a clear advan-
tage in using ACls rather than single-time point population-based ref-
erence intervals for classifying as normal dogs that do not develop
overt disease in the 12 months following wellness testing. Similarly,
there does not appear to be an obvious advantage to using the per-
centage change rather than the more intuitive analyte-specific unit
change. However, this information is of limited value until we deter-
mine the ability of the 3 intervals to correctly classify as abnormal
dogs that develop systemic disease within 12 months. As advocates
of annual wellness testing often emphasize detection of subclinical
disease, a longer follow-up than 12 months will also be needed to
determine the interval that performs best for early identification of
slowly progressive disease. At the time points included here, too few
GRLS participants had developed diseases of interest for wellness
testing programs (eg, renal or hepatic insufficiency or malignant neo-
plasia) to reliably determine the sensitivity and specificity of our ACls
for early disease detection. As the cohort ages and the prevalence of
disease increases, we are planning to analyze serial testing results to
assess the clinical usefulness of ACls compared with single-time point
population-based reference intervals for different analytes. Until such
data are available, we cannot draw any conclusions about the clinical
usefulness of ACls or of annual wellness testing in general. This is an
important question that requires further investigation, especially as a
recent systematic review of general health checks concluded that
screening of apparently healthy adult people was unlikely to be bene-
ficial in reducing mortality or morbidities such as nonfatal stroke or
ischemic heart disease.®

In conclusion, we have calculated ACls that define the variability
in biochemistry results between annual wellness tests for healthy
Golden Retrievers. This is the first veterinary study to address biologi-
cal variability in the context of wellness testing, and so might better
reflect long-term homeostatic and analytical variability than previously
reported RCVs calculated using a small number of animals repeatedly
sampled over weeks to months.>”"*822 Our data are likely also more
representative of variation for samples collected as part of routine
visits to primary care practices than RCVs generated from tightly con-
trolled research studies. Additionally, access to data from a large
group of dogs allowed us to use the direct nonparametric approach
developed by Kairisto et al (1995) for ACI construction.’® This avoids
controversies regarding the most appropriate means of estimating ref-
erence change values for nonnormal data.*>%52 However, it should
be stressed that transference studies are needed before application of
our ACls to other populations or laboratories and further data are

needed before the clinical value of the ACls can be evaluated.
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Supporting Information section at the end of this article.
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