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Salivary cortisol is an unreliable
correlate of serum cortisol in
adult pet dogs and assistance dog

puppies
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Margaret E. Gruen*

Cortisol is widely used in mammals as a measure of HPA axis response. To estimate response to an
acute stressor, minimize pain and ease sample collection, salivary cortisol has become preferred

over serum cortisol across a variety of species. This includes domestic dogs in which research with
laboratory dogs initially demonstrated the predicted relationship between cortisol concentrations

in serum and salivary levels sampled within minutes of each other. The Model Population Hypothesis
suggests a laboratory dog should be physiologically representative of all dogs. We provide a critical
test of this idea by providing the first validation of salivary cortisol against serum measures in healthy
puppies less than six months of age (n=34; 8 to 20-week-old Labrador x Golden Retrievers) as well

as a group of healthy adult pet dogs (n=38). Following previously established methodology, blood
and saliva were collected within 4 min of each other. Puppies were sampled multiple times while
adults were sampled once. We found that salivary and serum cortisol are poorly correlated in our
puppies r(216)=-0.092, p=0.178, and adult dogs (r(36)=0.092, p=0.582). Our results suggest that
previously validated methods with laboratory dogs may not translate to healthy puppies and pet dogs,
particularly those less than six months of age. Further research is now needed to identify a salivary
sampling method that might allow for this less invasive sampling technique to be used in puppies and
pet dogs living in a range of real-world contexts.
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Physical and psychological stress can have negative consequences on the behavior and health of animals.
Nonhuman animals require nonverbal measures of stress and one of the most important and widely used
physiological measures is cortisol. Cortisol concentrations are known to reflect activity of the hypothalamic—
pituitary—adrenal (HPA) axis and are linked to social behavior, reproductive success, health and psychological
well being in a range of animals!~*.

Dogs have a unique relationship with humans that allow them to perform jobs, but working dogs often
perform tasks in high stress environments that include social and non-social stressors®~’. Salivary cortisol is
the main physiological tool used to capture individual differences in responses to acute stressors in dogs!~>3-10,
In working dogs, extreme responses have been linked to training outcomes and negative health outcomes!!~14,
However, the link between salivary cortisol and dog behavior can be inconsistent. For example, increases in
cortisol were correlated with presumed fear behaviors in a pressure wrap study'®, but were not associated with
behavioral responses in a sound test with working dogs!®.

Despite inconsistencies in behavioral studies and blood cortisol concentration being considered the gold
standard for measuring HPA response, canine researchers have moved to relying on measuring stress responses
using salivary cortisol for several reasons. First, even though cortisol measured in saliva only represents
biologically active unbound cortisol, as opposed to total cortisol measured by serum or plasma, previous
validation studies found that salivary cortisol samples taken from adult dogs contain roughly 7-12% of cortisol
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concentrations taken from blood at the same time!=3. Second, salivary cortisol has shown to be sensitive to
acute changes; in human saliva, increases are detectable in under five minutes'”. Third, saliva collection is both
significantly less invasive and requires less technical skill than blood collection (e.g.!>!¢). These characteristics
are advantageous when trying to non-invasively assess a dog’s acute physiological response to sudden novel
stressors that they will need to endure in a real-life working scenario.

The utility of saliva as a proxy for blood cortisol hinges on a replicable correlation between cortisol
concentrations from both measures and the applicability of the validation results from laboratory to non-
laboratory populations of dogs. The model population hypothesis (MPH) posits that the specialized selection,
rearing, and training experienced by laboratory-housed research animals does not impede the translation of
findings to the general population of that same species. The MPH predicts that the laboratory-housed dogs
are representative of all dogs—including findings related to behavior, neuroendocrine responses, and HPA axis
reactivity. In support of this hypothesis, laboratory dogs have been successfully studied for the development of
diagnostic tests, drugs, and vaccines for both veterinary use in dogs and translation to human medicine!®'.
Alternatively, the specifics of how dogs are bred and raised can significantly affect trait expression. Physiological
measures validated in laboratory dogs might not universally translate to pet dogs. Unlike pet dogs, the genetics,
experience, and environments of laboratory dogs are relatively homogenous (i.e. laboratory dogs are typically
beagles raised in kennels where factors such as diet, stress, light cycles, and housing conditions are standardized
and controlled??).

One challenge to the MPH is the reality that breeding can meaningfully alter neurophysiological systems even
after relatively few generations. Fox kits selected for 20-40 generations for friendly behavior towards humans,
such as approaching, wagging their tails, and initiating physical contact, showed changes in the adrenal cortex,
serotonergic system, and limbic systems associated with a down-regulation of the HPA axis?! 2. Assistance dogs
bred for affiliative behavior have higher levels of free and total oxytocin, but not vasopressin in comparison to
pet dogs. Both neuropeptides are associated with affiliative and aggressive behavior?*. Differences in size but not
breed have been shown to influence cortisol concentrations in dogs, yet no study has investigated if this might
affect the correlation of serum and salivary cortisol level>>%.

Another challenge to the MPH is the degree to which environmental factors can shape salivary cortisol
results. This includes factors such as swab material, sample size, contamination, housing environment, and sex
and neuter/spay status?>8. And, as highlighted by Chmelikova et al.?%, collection and processing methods for
saliva samples are not well standardized, potentially leading to misinterpretations. For example, many studies
rely on a comparison of salivary cortisol levels before and after an event (e.g. a stressor), relying on the first
sample as a “baseline” of cortisol. However, circadian variation and variability between individuals complicate
“baseline” measures'. Whereas these factors may be homogenous in a laboratory dog population, pet dogs who
experience more variable and unpredictable environments are likely to include variability in one or more of
these factors, potentially reducing the ability for salivary cortisol to accurately measure acute arousal in non-
laboratory populations.

While pioneering validation studies established the relationship between serum and salivary cortisol in
laboratory dogs, these studies each relied on small groups (1 =6-16) of laboratory raised dogs or on a sample
consisting only of diseased dogs that may not be representative of all dogs in all contexts!~>*’. A meta-analysis
of salivary cortisol studies in dogs noted the significant intra- and inter-individual variability in salivary cortisol
and caution about its interpretation at the group level?>. The rising popularity in measuring cortisol via saliva
sampling nevertheless underscores the need for further confirmation that canine salivary cortisol accurately
reflects the activity of the HPA axis in a range of dog populations. If laboratory dogs are a useful model for all
dogs, then the correlation between salivary and serum cortisol found in laboratory dogs should be similar in
other dog populations.

Here, we test the MPH by examining the prediction that salivary cortisol is a proxy for serum cortisol in
healthy adult dogs living in a non-laboratory setting and provide the first validation study in puppies younger
than six months of age. We use standard collection procedures, including those recommended by Dreschel and
Granger?’ that were used in previous validation studies of serum and salivary cortisol in order to replicate the
findings of prior work in dogs'-3. The MPH is supported if salivary and serum concentrations are correlated in
healthy non-laboratory dogs. Alternatively, we will fail to support the MPH if salivary cortisol is not significantly
correlated with serum cortisol in these populations. This would suggest that variability in genetics and
environment significantly influence cortisol measurements and methodological refinement will be necessary.

Methods

All experimental procedures involving dogs were carried out in accordance with ARRIVE guidelines and were
conducted within the approved guidelines of Duke University IACUC protocols A122-21-06 and A128-23-06.
We followed the methodology of Dreschel and Granger?” and Vincent and Michell? as closely as possible in the
context of our research setting. These studies are viewed as the seminal validation studies for the use of salivary
cortisol in dogs.

Subjects

Puppy sample

100 puppies aged 8-20 weeks were sampled in the study, each having saliva and/or blood collected multiple
times across the course of the study (see Tables 1, 2). All puppies were being raised to be assistance dogs through
Canine Companions, an organization that breeds and trains dogs for people with disabilities. Puppies were kept
with their littermates until 8 weeks of age and then sent to either the homes of volunteer puppy raisers (n=6)
or to Duke University (n=28) to participate in the Duke/NC State University research program. Puppies who
participated in the research program were housed socially during the day with other puppies of the same age and
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Age (weeks) | Correlation coefficient | n | p

8.00 -0.559 8 |0.150
10.00 -0.023 39 10.889
11.00 -0.073 17 | 0.780
12.00 0.004 3310978
13.00 -0.487 8 10.220
14.00 -0.140 35 | 0.422
15.00 -0.189 6 |0.720
16.00 -0.062 22 10.783
17.00 0.487 9 10.184
18.00 -0.265 25 | 0.200
20.00 -0.062 8 |0.884

Table 1. Puppy serum-saliva cortisol correlations by age (weeks).

Sample Mean cortisol concentration (ug/dL) | Median cortisol concentration (ug/dL)
All serum samples | 0.528 0.373
All saliva samples | 0.919 0.849
Pre-event serum 0.816 0.774
Pre-event saliva 0.343 0.260
Post-event serum | 1.093 1.070
Post-event saliva | 0.372 0.243

Table 2. Puppy cortisol concentration summary.

went home with undergraduate students at night. These puppies lived on or near the Duke University campus
from 8 to 20 weeks of age and then went to individual puppy raisers. Canine Companions consented to the
collection of these data. 218 complete blood-saliva pairs were collected from 34 individuals. A subset of samples
(n=78) was collected before and after an arousing event.

Demographics of the dog participants are shown in Supplementary Table S1. Of the 34 different puppies from
which complete serum-saliva paired samples were collected, 21 were males and 13 were females. The mean age
of all dogs was 13.39 weeks (range = 8-20 weeks). The number of samples collected from one individual puppy
ranged from 1 to 21 (see Supplementary Table S1). The complete paired sample consisted of 29 Labrador x Golden
Retriever crosses and 5 Labradors from 24 different litters.

Adult dog sample

A heterogeneous sample (n =38, M =22, F=16) of adult pet dogs from the Raleigh-Durham area were recruited
via social media to participate in the study. More than 15 breeds of dogs were represented by the sample (see
Supplementary Table S2), but all dogs weighed over 50 pounds to reduce the potential influence of body size on
cortisol measurements?. Dogs’ ages ranged from 1 to 15 years (mean=>5.29 years). One sample of blood and
saliva was collected from each individual dog. All owners whose dogs participated in the study reviewed and
signed an informed consent form.

Procedure

Before collection, all subjects were restricted from eating food or treats for 30 min and restricted from water for
at least 10 min (following recommendations by Dreschel and Granger?’ to withhold food for at least 20 min).
Blood and saliva collection took place between the hours of 9 a.m. and 5 p.m., samples were taken at multiple
times of the day, but blood and saliva samples were always taken between 1 and 4 min of each other, in accordance
with prior validation work where samples were taken directly one after another without a delay*. Puppies
were sampled longitudinally. Multiple samples were taken from the same puppy at different weeks of age (see
Supplementary Table S1) to evaluate whether the correlation was affected by age. Different numbers of samples
were taken from each puppy depending on the ages that owners were able to enter and cease participating
in the study. Additionally, if any puppy showed signs of struggle on a given sampling day, a sample was not
collected. Some of the puppy samples were taken before a short (1.5 min) arousing event (“pre” samples) and
then again 15 min after the event (“post” samples). Puppies rested during the 15-min waiting period in a small
room with the same familiar experimenter that set up the arousal event. This event was novel and designed to
induce arousal to compare the ability of the two collection methods (blood and saliva) to reflect rises in cortisol
concentrations. For the adult dogs, owners brought the dogs into the Duke Canine Cognition Center for an
approximately 30-min appointment in which samples were collected using the same collection procedures as
was used in the puppy sample. No arousing event was used to manipulate adult cortisol levels as the goal of this
sample collection was only to test the association between serum and salivary cortisol in a diverse sample of
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adult dogs. As with the puppies, any adult dog who struggled or showed signs of distress during sampling was
withdrawn and no sample was taken.

Salivary cortisol collection

For collection, a Salimetrics’ Children’s Swabs cotton swab was held in the dog’s mouth for 90 s between the lip
and gum?’, alternating sides after 45 s. The handler sat on the floor next to the dog or with the dog in his or her
lap and held the end of the swab opposite from the side that went into the dog’s mouth. An inaccessible small
treat or piece of kibble was held in front of the dog’s nose for the duration of the swabbing period to stimulate
saliva production; salivary stimulants have not been shown to meaningfully impact salivary cortisol values?.
After collection, samples were frozen at —20 degrees Fahrenheit until shipment to the Salimetrics” laboratory
(Carlsbad, CA) on dry ice. At the laboratory, the samples were thawed to room temperature, vortexed, and
centrifuged at 3000 RPM for 15 min before assessment using a high-sensitivity enzyme immunoassay with a
lower limit of quantification of 0.007 pg/dL (Salimetrics” Salivary Cortisol Immunoassay). Samples were run in
duplicate unless low volume prevented a second measurement, and values were averaged. The average intra and
inter-assay variance was less than 15%.

Serum cortisol collection

Serum collection was conducted immediately after saliva sample collection to collect the two samples as
close together in time as possible (less than 4 min after the saliva collection). For serum collection, dogs were
minimally restrained with a food treat for distraction. Between 1.5 and 3 ml of blood was collected fresh with a
23-gauge needle attached to a butterfly catheter and put into an additive-free sterile glass tube. The samples were
allowed to clot and within 30 min were placed in a 40-degree Fahrenheit refrigerator until transport. Samples
were centrifuged for 12 min at 2500 RPM, and then serum was pipetted off, placed into a plastic clear transfer
tube and sent for analysis. The serum collection process took no more than 3 min. All serum samples were
collected by a licensed veterinarian, who also monitored dogs’ response to sample collection. Collection was not
completed for any dogs who showed signs of stress or resistance to sample collection.

Samples were transported on ice/dry ice to two different laboratories: North Carolina State University
(n=27) and Michigan State University (n=317). We changed laboratories after discovering that the Michigan
State laboratory had improved sensitivity to measure even the smallest cortisol concentrations with accuracy and
precision (lower limit of quantification below 1 pg/dL). Blood samples were analyzed using an Immulite 2000
Xpi cortisol immunoassay, which has been validated for canine serum cortisol®!. The intra-assay coefficient of
variation (CV) was below 10%.

Arousing event

To test cortisol responsiveness and potentially increase cortisol concentrations, a subset of puppy samples was
collected immediately before and 15 min after an arousing event. The event was 1 min and 30 s, during which the
puppy was placed in a pen with a novel object, an animatronic toy (FurReal toy, Fig. 1) that made unique sounds
and movements®2. Blood and saliva samples for post-test cortisol were collected 15 min after the test had ended,
in accordance with Vincent and Michell’s® finding that salivary cortisol peaked 11 min after the start of a stressor
and remained elevated 30 min after the event, as well as Beerda et al’s® results that salivary and serum cortisol
increased consistently following a stressor and peaks~15-30 min after the event before normalizing within
60 min. During this 15-min waiting period, the puppy stayed inside the testing pen. A handler was allowed to be
in the pen with the puppy but interaction with the puppy was limited during this time (i.e. no cuddling, petting,
or speaking in high, encouraging tones). After 15 min, the puppy was taken back to the sample collection area.

Fig. 1. FurReal toy example.
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Statistical analyses
Welch’s two-sample t-tests were used to compare cortisol concentrations before and after an arousing event for
both serum and saliva samples in the puppy sample. Shapiro-Wilk tests were performed to test the normality of
distributions for both puppy and adult samples. Spearman’s rho coefficients were then used to assess correlations
between salivary and serum cortisol in puppies as an appropriate nonparametric alternative to Pearson
correlations, which are influenced by outliers and should not be used on datasets with extreme values®?. To
ensure that a single individual was not contributing significantly to the model, a Spearman’s rho correlation
weighted for the number of samples for each subject was calculated for the mean of serum and salivary cortisol
concentrations for each subject. In addition, we conducted a Bland-Altman analysis to evaluate the mean bias
between our two measurements of cortisol and calculate the limits of agreement (LoA), which represent the
range within which 95% of the differences between the two methods are expected to fall**~*¢. Additionally, a one-
sample t-test was performed to determine whether the mean bias was significantly different from zero.

For all tests, statistical significance was set to p <0.05. Statistical analyses were performed using GraphPad
Prism version 10.3.1 for MacOS, (GraphPad Software, Boston, Massachusetts USA, www.graphpad.com), R
Statistical Software (R Core Team 2023) and the following R packages: Hmisc, stats.

Results

Serum and salivary cortisol

Puppy sample

218 complete pairs of serum and saliva samples were collected from our puppy sample of 34 individuals (see
Table 2 for mean and median serum and salivary concentration values). A Welch’s two-sample t-test was
performed to compare cortisol concentrations collected after the arousing event (“post-concentrations”) to those
collected before the event (“pre-concentrations”) for both serum and saliva cortisol. Shapiro-Wilk normality
tests revealed that both saliva and serum were not normally distributed (both p <0.001).

Serum cortisol post-concentrations were significantly higher than pre-concentrations, #(157.01) =-4.104, p=
<0.001. Salivary cortisol post-concentrations, on the other hand, were not significantly different than salivary
pre-concentrations, #(156.47) =—0.487, p=0.627, indicating that cortisol concentrations did not increase in our
saliva samples.

Serum cortisol was not significantly associated with salivary cortisol in this context. A Spearman’s rank
correlation was computed to assess the linear relationship between cortisol concentrations in serum and saliva
(Fig. 1). There was not a significant correlation between the two variables 7(216)=-0.092, p=0.178. Further,
when grouped by age (weeks), this correlation did not improve with age (see Table 1). In addition, a Spearman’s
correlation weighted for the number of samples for each subject did not reveal a strong correlation between serum
and salivary concentrations r(33) = — 0.324, p=0.0614. Thus, in all analyses, puppy serum cortisol concentrations
were not found to be positively associated with salivary cortisol concentrations (Fig. 2).

Bland-Altman analysis revealed a statistically significant bias, M=-0.442, 95% CI [-0.584, —0.300],
t(217) =-6.15, p<0.001, indicating that salivary cortisol values tended to underestimate serum cortisol values.
The limits of agreement (LoA) ranged from —2.521 to 1.637, with corresponding 95% confidence intervals for
the upper LoA [1.394, 1.879] and lower LoA [-2.763, —2.279]. The spread of data between the lower and upper
LoAs was 4.158, and the bias as a proportion of the LoA spread was —10.632. Further analysis of proportional

Mean Serum Cortisol (ug/dL)

Fig. 2. Puppy blood and cortisol concentrations. Scatter plot depicting the correlation between serum and
salivary cortisol concentrations (pg/dL) in puppy sample.
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bias indicated that the bias was —251.52% of the lowest observed cortisol average and —10.67% of the highest
average. These results suggest a consistent underestimation of serum cortisol by salivary measurements, with a
wide range of agreement demonstrating the variability of the magnitude of this underestimation (Fig. 3).

Adult sample

Within the 38 paired samples collected, the mean (median) cortisol concentration was 2.423 (2.052) pg/dL for
all the blood samples and 1.489 (0.889) for all the saliva samples. Shapiro-Wilk tests for normality for adult
saliva and blood revealed that distributions for both saliva and blood were not normally distributed, indicating
a nonparametric test was most appropriate for our dataset. A Spearman’s rank correlation, computed to assess
the linear relationship between cortisol concentrations in serum and saliva (Fig. 4), indicated there was no
significant correlation between the two variables 7(36) =0.092, p=0.582.

Bland-Altman analysis revealed a mean bias of —0.986 pg/dL (95% CI: [-1.607, —0.365]), indicating
that salivary cortisol measurements consistently underestimated serum cortisol measurements. The limits
of agreement (LoA) ranged from —4.742 pg/dL (95% CI: [-5.812, —3.671]) to 2.769 pg/dL (95% CI: [1.698,
3.840]), representing a total spread of 7.51 ug/dL. The large spread between the limits of agreement indicates
that the relationship between salivary and serum cortisol is inconsistent, undermining the expectation that
salivary cortisol reliably represents 10% of serum cortisol concentrations across the sample. Proportional
bias was evident, with the bias representing —270.57% of the lowest average cortisol value and —11.92% of
the highest average cortisol value. This suggests that salivary cortisol measurements are particularly unreliable
at lower cortisol concentrations. A one-sample t-test confirmed that the mean bias was significantly different
from zero (t=-3.215, df=38, p=0.0027). Taken together, these results show the consistent underestimation of
serum cortisol by salivary cortisol measurements but demonstrates that the magnitude of this underestimation
is not consistent. The wide limits of agreement and the presence of proportional bias highlight the substantial
variability and poor agreement between the two methods across the full range of cortisol values reported (Fig. 5).

Bland-Altman Plot for Puppy Cortisol Measurements

Fig. 3. Bland-Altman analysis for puppy cortisol measurements. Bland-Altman plot depicting the variability
and proportional bias between serum and salivary cortisol concentrations (pg/dL) in the puppy sample. The
blue shaded area indicates the 95% confidence interval around the mean bias (dashed line). The green and
red shaded areas showing the 95% confidence intervals around the upper and lower LoA (dashed lines),
respectively.
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Fig. 4. Adult dog serum and salivary cortisol concentrations. Scatter plot depicting the correlation between
serum and salivary cortisol concentrations (pg/dL) in adult dog sample.

Discussion

Our study aimed to test the model population hypothesis (MPH) by examining whether salivary cortisol could
serve as a reliable proxy for serum cortisol in non-laboratory adult dogs and puppies. The MPH predicts that
neuroendocrine characteristics, such as the correlation between serum and salivary cortisol concentrations
observed in laboratory-housed dogs, should be valid in more genetically and environmentally variable
populations including pet dogs and assistance dog puppies. Beerda et al.® and subsequent validations found
that salivary cortisol concentrations are reliably 7-12% of serum cortisol concentrations in laboratory dogs.
In contrast, we did not find that salivary cortisol concentrations were a reliable percentage of serum cortisol
concentrations and the measures were not correlated in either assistance dog puppies sampled longitudinally or
adult pet dogs.

Our results indicate that the relationship between salivary and serum cortisol is neither consistent nor reliable
in non-laboratory dogs. We observed a negative bias of salivary cortisol relative to serum cortisol with wide
limits of agreement and significant proportional bias, particularly at lower cortisol concentrations. Proportional
bias was particularly evident at lower cortisol concentrations, where the bias reached up to —270.57%, indicating
severe limitations in the ability of salivary cortisol to accurately reflect serum cortisol in low-arousal or baseline
states. Interestingly, proportional bias decreased at higher cortisol levels, with bias approaching — 11.92%, closer
to the expected proportionality of 10%. This suggests that salivary cortisol may be able to detect higher levels of
cortisol, such as after acute stress responses or in conditions associated with elevated HPA activity. Ultimately,
however, the substantial variability we report undermines the expectation that salivary cortisol reliably tracks
serum cortisol across the full range of serum cortisol values, and that it may not be a reliable measure in non-
laboratory dogs.

Our findings that salivary cortisol is particularly unreliable at low cortisol levels has critical implications
for its utility in studies employing pre/baseline and post-measure designs. Without accurate baseline measures,
detecting meaningful changes following a manipulation becomes challenging, particularly when the manipulation
induces small or subtle increases in cortisol. For example, in our study, we observed that an arousal manipulation
(introducing a novel toy) successfully increased serum but not salivary cortisol concentrations. The increase in
serum cortisol concentrations 15 min after the arousing event demonstrates serum’s (but not salivas) ability to
reflect an acute stressor via measurement of cortisol. This discrepancy suggests that salivary assays may fail to
capture acute HPA axis activation in pet dogs and puppies, limiting salivary cortisol’s usefulness in detecting
both absolute levels and relative changes in activation.

Our data suggest that serum cortisol is more reliable than saliva to assess arousal in a non-laboratory
population of dogs. Our initial prediction that salivary cortisol would serve as a reliable proxy for serum cortisol
in both puppy and adult populations was not supported by our findings. We found that cortisol concentrations
in serum and salivary samples were not well-correlated in 34 puppies younger than 6 months of age or in a
heterogenous healthy adult sample of 38 adult pet dogs, despite previous work showing a strong correlation
between serum and salivary cortisol concentrations from laboratory dogs'=3. We also observed that an arousal
manipulation (introducing a novel toy) successfully increased serum but not salivary cortisol concentrations. This
indicates that the hypothalamic-pituitary—adrenal (HPA) axis was in fact activated by this manipulation, and
that this arousal was reflected in serum cortisol concentrations. However, the manipulation did not consistently
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Bland-Altman Plot for Cortisol Measurements
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Fig. 5. Bland-Altman plot of adult serum and salivary cortisol. Bland—Altman plot depicting the variability
and proportional bias between serum and salivary cortisol concentrations (pug/dL) in adult dog sample. The
blue shaded area indicates the 95% confidence interval around the mean bias (dashed line). The green and
red shaded areas showing the 95% confidence intervals around the upper and lower LoA (dashed lines),
respectively.

result in a corresponding increase in salivary cortisol concentrations. This indicates that salivary assays may not
capture the acute activation of the HPA axis in pet dogs and puppies, as they do in laboratory dogs.

The limitations of salivary cortisol as a proxy for serum cortisol become apparent when comparing statistical
approaches with prior validation studies. Beerda et al.*> accounted for outliers by removing values greater than
three times the interquartile range but did not report removing low outliers or testing for normality before
performing a parametric Pearson correlation. Since Pearson correlations are easily influenced by extreme values,
uncertainty about the normality of Beerda et al’s® dataset raises questions about the appropriateness of these
authors’ analyses for this dataset and if this could have resulted in misleading findings®*. Vincent and Michell?
also performed parametric Pearson correlations without testing for normality and did not report the removal of
any outliers. Our null findings in our Spearman’s rho analyses of the correlation between our serum and saliva
samples suggest that existing validations of salivary cortisol assays may not translate to puppies and pet dogs
living outside of a laboratory.

The discrepancy between serum and salivary cortisol concentrations seen in our data may arise from
environmental and genetic factors that were not present in earlier validations. Although variations in salivary
cortisol concentrations across breeds have been documented®’, these differences should not inherently disrupt
the correlation with serum cortisol. However, non-laboratory environments introduce additional genetic and
environmental variables that could significantly impact salivary cortisol measurements, challenging the general
applicability of salivary cortisol as a reliable proxy across all dog populations. It has been well-documented
that environmental and collection factors can influence cortisol concentrations in salivary samples, including
volume, swab material, housing style, and environmental contamination?”?, In addition, increased metabolic
demand in response to stress is reflected in elevated glucocorticoid secretion such as cortisol*. This might
contribute to the differences observed between laboratory and non-laboratory dogs since in laboratory settings,
dogs typically experience consistent and controlled environments, such as regulated diets, altered light cycles,
standardized exercise routines, and minimal exposure to sudden stressors®®. The prior validations of serum-
salivary symmetry in healthy dogs from Beerda et al.’, Vincent and Michell? and Giannetto et al.! all collected
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samples from a small number of laboratory dogs (n=16, n=6, n=6, respectively). Of these validations, only
Giannetto et al.' confirmed a normal distribution of their dataset before performing parametric analysis. In
contrast, our datasets for all samples were not normally distributed, which could be an indicator of intra-
and/or inter-individual variability in salivary cortisol measurements as has been suggested by Cobb et al.?.
Controlled laboratory environments likely result in a more stable metabolic rate in dogs, potentially leading
to a more predictable relationship between serum and salivary cortisol. In contrast, pet dogs, who live in more
variable environments, are subject to a wider range of stressors, both psychological and physiological. Cortisol
concentrations in pet dogs may not solely indicate psychological stress but also reflect an underlying metabolic
response to environmental challenges. While reactivity measures (pre- and post-arousal manipulation) can help
account for some of these variables, they may not completely isolate psychological stress from physiological
stress. Kang et al.** reported a significant positive correlation between serum and salivary cortisol in 35 client-
owned diseased dogs, but did not report sample characteristics that may have influenced results such breed, size,
or age. These authors also reported that while dogs’ pain scores and serum cortisol concentrations decreased
after surgical intervention for pain, salivary cortisol concentrations did not, suggesting a discrepancy between
the two measures®’. By recognizing that cortisol can reflect a broader range of stressors, we underscore the
importance of considering both metabolic and psychological factors when using cortisol as a measure of stress
in healthy, non-laboratory dog populations.

Given the robustness of our design and the observed effects of our manipulation, it is unlikely that
methodological factors alone account for the poor correlation. Although low sample volume in small dogs can
artificially reduce measurement values, our puppy samples had adequate volume for sample processing®. There
could be a delay in the peak concentration of cortisol in saliva versus serum that impacted our investigation, in
dairy cattle, salivary cortisol was shown to peak 10-15 min after a peak in serum cortisol following a stressful
event. A delay in dogs has been suggested by Vincent and Mitchell®> but not shown to negate the correlation
between serum and saliva, and all previous validation studies conducted in dogs collected serum and saliva
without a delay time!~>3°. Beerda et al.? collected simultaneous blood and saliva samples from dogs repeatedly
at increments ranging from 5 to 30 min yet report no delay in salivary response relative to plasma. Other
work assessing the time course of salivary cortisol increase after an acute stressor in dogs has shown that
concentrations were significantly elevated 10, 15, 20, and 30 min after a stressor, and normalized within 60 min
of the event’; a similar time course has also been shown in humans!”. A delay between salivary and serum
cortisol would not explain why, in our puppy sample, salivary cortisol would not have increased in samples
taken 15 min after an arousing event. We also followed the standard practice of withholding food 30 min prior
to the first salivary collection Dreschel and Granger?” recommend withholding for at least 20 min). It is of note
that no study has investigated the time course at which food interferes with salivary cortisol concentrations in
dogs, but a meta-analysis of salivary cortisol in canine studies reports no significant effects of eating within 3 h
of sampling?. In humans, a protein rich diet has been shown to increase salivary cortisol concentrations for
up to 2 h*0. While we did not randomize the order of collection (we always collected saliva prior to blood), this
order minimized restraint and potential resulting increases in cortisol concentrations in blood*. Our blood
collections were performed using a food distraction which would preclude immediate collection of saliva. While
it is possible that the short delay between serum and salivary sample collection contributed to these results, this
delay was 1-2 min for most samples and no more than 4 min for any sample. In humans, a delay of 1-2 min for
unbound cortisol to pass through cell membranes into saliva has been reported, which aligns with our collection
timing*!. Since a delay has not been shown meaningfully in dogs, we would still expect serum and salivary
concentrations to be associated as has been shown in laboratory adult dogs®. Since prior work has demonstrated
that handling effects are not seen until after at least 4 min, it is unlikely that restraint from blood or saliva
collection impacted our results when both of our samples were collected in less than 4 min?®. Further, if handing
from salivary collection did increase subsequent serum cortisol concentrations, our results might reflect high
salivary concentrations relative to the expected 7-12% of serum concentrations. This effect was not seen in our
sample, where we report salivary concentrations as low as —270% of serum values taken at the same timepoint.
We also report qualitatively that that blood collection did not lead to significant struggling or resistance by
puppies, as assessed by a veterinary behaviorist (MEG). While it remains possible that specific methodological
choices contributed to our null result, we followed all previous recommendations for serum and saliva collection
and processing?>%7-3,

The results raise questions about the generalizability and reliability of salivary cortisol as a suitable proxy
for serum in pet and assistance dogs and emphasizes the need for further research to understand the dynamics
of cortisol measurement in dogs. To our knowledge, the correlation between unbound cortisol circulating in
saliva and bound cortisol in blood has only been explicitly investigated in adult laboratory dogs. Our data fails
to validate the use of saliva samples as a replacement for blood when measuring cortisol levels in pet adult dogs
and puppies younger than 6 months of age. The poor correlation we observed suggests that factors beyond
methodology may contribute to the discrepancy between serum and salivary cortisol concentrations, or
that current methodological recommendations fail to account for unknown confounding factors. Our study
emphasizes the need for further research to understand the dynamics of cortisol measurement in diverse dog
populations. The development of new methods to measure acute stress in dogs, such as salivary alpha amylase,
which has shown promise in assessing chronic stress associated with disease state, will be required to accurately
measure cortisol in these populations®?. Until such methods are validated, we recommend serum collection
over salivary collection to measure acute changes in cortisol concentrations in pet dogs and puppies. Although
collection of serum cortisol increases the burden of collection and the potential for pain, making salivary
cortisol an attractive option as a biomarker for stress, we suggest that serum may be necessary to accurately
assess acute HPA activation in dogs of this age. Future work should investigate why serum and salivary cortisol
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concentrations are not associated in healthy, pet dogs and whether this discrepancy is due to the limitations of
current salivary assays or other underlying factors.

Data availability
The datasets generated by this research and analyzed during the current study are available in the DRYAD repos-
itory, http://datadryad.org/stash/share/ WwWLxluWOrJh_M1jk5tvFjmDP8q8CUugT7]bC4b-ixg.
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