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Abstract

Background: Dogs with hypoadrenocorticism (HA) have clinical signs and

clinicopathologic abnormalities that can be mistaken as other diseases. In dogs with a

differential diagnosis of HA, a machine learning model (MLM) has been validated to

discriminate between HA and other diseases. This MLM has not been evaluated as a

screening tool for a broader group of dogs.

Hypothesis: An MLM can accurately screen dogs for HA.

Animals: Dogs (n = 1025) examined at a veterinary hospital.

Methods: Dogs that presented to a tertiary referral hospital that had a CBC and

serum chemistry panel were enrolled. A trained MLM was applied to clinicopatho-

logic data and in dogs that were MLM positive for HA, diagnosis was confirmed by

measurement of serum cortisol.

Results: Twelve dogs were MLM positive for HA and had further cortisol testing.

Five had HA confirmed (true positive), 4 of which were treated for mineralocorticoid

and glucocorticoid deficiency, and 1 was treated for glucocorticoid deficiency alone.

Three MLM positive dogs had baseline cortisol ≤2 μg/dL but were euthanized or

administered glucocorticoid treatment without confirming the diagnosis with an

ACTH-stimulation test (classified as “undetermined”), and in 4, HA was ruled out

(false positives). The positive likelihood ratio of the MLM was 145 to 254. All dogs

diagnosed with HA by attending clinicians tested positive by the MLM.

Conclusions and Clinical Importance: This MLM can robustly predict HA status when

indiscriminately screening all dogs with blood work. In this group of dogs with a low

prevalence of HA, the false positive rates were clinically acceptable.

K E YWORD S
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1 | INTRODUCTION

Hypoadrenocorticism (HA) in dogs is caused most commonly by

immune mediated destruction of the adrenal cortex with subsequent

Abbreviations: GDH, glucocorticoid deficient hypoadrenocorticism; GMDH, glucocorticoid

and mineralocorticoid deficient hypoadrenocorticism; HA, canine hypoadrenocorticism;

MLM, machine learning model.
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deficiencies in hormone production. Most cases of CHA lack both

glucocorticoids and mineralocorticoids (GMDH); in 30% to 40% of

dogs, glucocorticoid deficiency (GDH) is diagnosed without overt min-

eralocorticoid deficiency.1,2 Clinical presentations of HA can vary

widely, and signs can be vague and episodic.3 The manifestation of

disease can mimic primary gastrointestinal disease, renal disease,

hepatic insufficiency, and many other diseases processes, and dogs

with mild signs, especially those with GDH, might have HA over-

looked as a potential differential diagnosis.3-5

Characteristic clinicopathologic findings that are associated with

HA include hyponatremia, hyperkalemia, and azotemia that are associ-

ated with aldosterone deficiency, and hypoalbuminemia, hypocholes-

terolemia, hypoglycemia, and lack of a stress leukogram that are

associated with cortisol deficiency.2,6,7 Observing all, or some, of

these abnormalities in a dog with compatible clinical signs should

prompt the clinician to test for HA. However, in many cases, these

variables can be within the normal reference range, and these vari-

ables alone are neither sensitive nor specific for the screening of

HA.3,6,7 This is especially true for cases of GDH that lack the charac-

teristic electrolyte changes associated with aldosterone deficiency.8

Clinical decision making has been augmented with statistical and

mathematical tools that can screen for diseases or make diagnostic pre-

dictions. A machine learning algorithm was utilized to train a model that

predicts a diagnosis of HA, regardless of GMDH or GDH subcategory.1

The trained model has a sensitivity of 96.3% (95% CI, 81.7%-99.8%)

and specificity of 97.2% (95% CI, 93.7%-98.8%) and outperforms other

screening tools.1 The data utilized to train and validate this model was

extracted in a retrospective study from the medical records of dogs that

had a baseline cortisol or ACTH stimulation test performed; therefore,

the attending clinician seemingly had an index of suspicion for HA and

the pretest probability was higher than it would be in a general popula-

tion presenting to a veterinary hospital. In this study, our objective was

to assess the performance of the machine learning model (MLM) as a

screening tool, when applied sequentially and indiscriminately to all

dogs that had a CBC and serum chemistry ordered by the attending

clinician, regardless of clinical signs or suspicion for HA.

2 | METHODS

All dogs presented to the William R. Prichard Veterinary Medical

Teaching Hospital (VMTH) at the University of California, Davis

School of Veterinary Medicine between March 26, 2019 and June

17, 2019 were considered for enrollment in this study. Dogs were

included if they had a CBC (Advia 120; Siemens, Erlangen, Germany)

and serum chemistry panel (Cobas c501/6000 series; Roche Diagnos-

tics, Indianapolis, Indiana) performed on the same day in the VMTH

Clinical Diagnostic Laboratory, regardless of presenting complaint or

history. Dogs were presented for primary care, secondary, or tertiary

referrals through the community practice service, emergency service,

or specialty services. If a dog had multiple paired CBC and chemistry

panels during the study period, only the first pair was included in the

study. An MLM classification of HA status was made for each paired

CBC and chemistry panel using a trained and validated MLM as

described.1 In brief, data were collected retrospectively from 908 con-

trol dogs (suspected to have HA, but disease ruled out) and 133 dogs

with confirmed HA. A boosted tree algorithm (AdaBoost) was trained

with 80% of the collected data, and the remaining 20% of the data

was then utilized to assess MLM performance.

The electronic medical record was evaluated for each enrolled dog.

The age, breed, and sex were recorded for each dog. The dog's primary

disease process was categorized into one of 17 categories based on the

primary clinical diagnosis assigned by the attending veterinarian and

upon review by an author (KR). These categories include cardiac, dental,

dermatologic, endocrine disease (other than HA), gastrointestinal/

hepatic/pancreatic (nonneoplastic), apparently healthy, HA (newly diag-

nosed), HA (medically managed), infectious/immune mediated disease,

neoplasia, neurologic, ocular, orthopedic, respiratory, trauma/toxin

exposure, unknown diagnosis, or urogenital disease.

Serum cortisol concentrations were measured if the attending vet-

erinarian had a clinical suspicion of HA, without the knowledge of the

MLM results at the point of care. Dogs with a baseline cortisol (Immulite

2000; Siemens, Erlangen, Germany) concentration <2 μg/dL, had an

ACTH stimulation test performed by administration of ≥5 mcg/kg of

cosyntropin (Cortrosyn, Amphastar Pharmaceuticals, Inc) IV. A 1-hour

post stimulation cortisol concentration <2 μg/dL was considered confir-

matory of HA in dogs with no history of being administered medications

that altered the pituitary-adrenal gland axis. Dogs with a baseline or post

stimulation serum cortisol concentration of >2 μg/dL were categorized

as disease negative for HA. If a dog was euthanized, treated with corti-

costeroids, or lost to follow up before either ruling out HA with a base-

line cortisol or confirming HA with an ACTH stimulation test, their HA

status was categorized as undetermined.

Demographic data are reported as median (range). Prevalence of

HA was calculated. The positive likelihood ratio of the MLM as com-

pared to gold-standard cortisol measurement was calculated (Prism 7;

GraphPad, La Jolla, California). Chi-squared analysis was performed to

compare proportions of sex in each classification group and a Kruskal-

Wallis test was performed to compare weight and age of dogs in each

classification group. The positive and negative percent agreement of

the MLM were calculated as compared to the clinical diagnosis

assigned by the attending clinician as HA or non-HA related diagnosis.

The positive percent agreement was calculated as true positives/(true

positives + false negatives). The negative percent agreement was cal-

culated as true negatives/(true negatives + false positives).

3 | RESULTS

3.1 | Dogs

During the study period, 8116 dogs were evaluated, and 1151 paired

CBC and serum chemistry panels were obtained from 1025 dogs. Five

dogs were newly diagnosed with HA, resulting in a prevalence of

0.06%. Dogs with newly diagnosed HA had a median age of 7 years

(1-9 years) and a median body weight of 8.5 kg (5.9-14 kg) (Table 1).
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Of these 5 dogs, 2 were spayed female and 3 were male castrated dogs,

and breeds included one each of an Australian cattle dog, a Boston ter-

rier mix, Jack Russel terrier, miniature poodle, and a pug. For the remain-

ing dogs, the age was 11 years (0.2-18 years), body weight was 19 kg

(1.3-108 kg), with 453 spayed females, 445 castrated males, 92 intact

males, 29 intact females, and 1 intersex dog. Breeds with more than

25 dogs represented included 74 Labrador retrievers, 43 German shep-

herd dogs, 33 golden retrievers, and 32 Chihuahuas. The primary clinical

diagnosis category for all study dogs is summarized in Table 2.

3.2 | Machine learning model output

Of the 1025 dogs enrolled in the study, 14 were MLM positive for HA

and the remaining 1011 were MLM negative for HA (Figure 1). Of the

14 dogs that were MLM positive, 2 dogs were euthanized before cor-

tisol was measured and necropsy was not performed. The MLM cor-

rectly classified the 5 dogs that were newly diagnosed with HA based

on serum cortisol concentration <2 μg/dL 1 hour after ACTH stimula-

tion. This included 4 dogs that were treated for GMDH, two of which

had aldosterone measured 1 hour after ACTH stimulation, confirming

aldosterone deficiency. One dog was treated for GDH, with GMDH

ruled out based on aldosterone measurement after ACTH stimulation

test. Three of the 14 dogs that were MLM positive had a baseline cor-

tisol ≤2 μg/dL, consistent with HA, but the dogs were euthanized or

treated with glucocorticoids before HA could be confirmed with an

ACTH stimulation test. Excluding the 2 dogs that did not have serum

cortisol measured, and considering the three dogs that had a low

baseline cortisol without an ACTH stimulation test as “HA suspects,”
the positive likelihood ratio ranged from 145, considering HA suspects

as negative, and 254, considering HA suspects as positive.

The positive percent agreement between the MLM and diagnosis

made by clinicians was 100% (95% CI, 56.5%-100%). Four of the

TABLE 1 Summary of the dogs based on MLM and HA categorization

MLM prediction and clinical categorization Number Age (years) Sex Body weight (kg)

MLM positive

Confirmed HA (newly diagnosed with stimulation test) 5 7 (8) FS—2 8.5 (8.4)

MC—3

Suspected HA (baseline cortisol ≤2 μg/dL but euthanized

or administered steroids before ACTH stimulation)

3 9 (6) FS—2

MC—1

31 (3.2)

HA ruled out with cortisol >2 μg/dL 4 6 (7) FS—2 24 (41)

MC—2

No cortisol testing (euthanized before testing) 2 5 (8) FS—1 23 (30)

MC—1

MLM negative

HA clinically negative 1007 9 (18) F—28 19 (107)

FS—446

M—92

MC—440

U—1

Baseline cortisol <2 μg/dL without follow up 4 5 (7) F—1 26 (34)

FS—2

MC—1

Note: Age and body weight are shown as median (range). Sex is abbreviated as male castrated (MC), male (M), female spayed (FS), female (F), or unknown

(U). No significant difference in age (P = .1), body weight (P = .4), or sex distribution (P = .9) across groups.

TABLE 2 Primary clinical diagnosis of all dogs included in study

Clinical diagnosis No. (%)

Cardiac 24 (2.3%)

Dental 52 (5.1%)

Dermatologic 36 (3.5%)

Endocrine 29 (2.8%)

GI/liver/pancreas 175 (17%)

Healthy 51 (5.0%)

Hypoadrenocorticism—newly diagnosed 5 (0.5%)

Hypoadrenocorticism—medically managed 3 (0.3%)

Infectious/immune 68 (19%)

Neoplasia 192 (13%)

Neurologic 136 (13%)

Ocular 40 (3.9%)

Orthopedic 49 (4.8%)

Respiratory 54 (5.3%)

Trauma/toxin 13 (1.3%)

Unknown 22 (2.1%)

Urogenital 76 (7.4%)
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14 dogs that were MLM positive had cortisol levels >2 μg/dL and

were categorized as false positive MLM results and included 2 dogs

with gastrointestinal disease, 1 with ascites secondary to heart failure,

and 1 dog with neurologic disease and profound polydipsia.

Of the 1011 dogs that were MLM negative for HA, 55 dogs had

HA definitively ruled out with a baseline cortisol and 9 had the disease

ruled out with an ACTH stimulation test. Three dogs had been diag-

nosed and treated for HA before the study period, and all had MLM

negative results consistent with resolution of the clinicopathologic

changes consistent with untreated HA. None of the dogs with a nega-

tive MLM result were newly diagnosed with HA by the attending clini-

cian. Four dogs with negative MLM results had baseline cortisol ≤2

μg/dL without follow up cortisol testing at our institution and were

assigned a clinical diagnosis other than HA by the attending clinician.

Follow up medical information was available for 2 dogs. One was

euthanized for prostatic carcinoma 2 months later, and the other had

no diagnosis of or further clinical suspicion of HA 4 years later. The

negative percent agreement was 99.3% (95% CI, 98.6%-99.7%). The

sex distribution (P = .9), age (P = .1), and body weight (P = .4) of dogs

did not differ between MLM classification groups (Table 1).

4 | DISCUSSION

In this study, we used a previously described MLM, that was trained

using clinicopathologic data from dogs with a high pretest probability

of HA, to screen for HA in an entire hospital population with low

pretest probability of HA. We demonstrate that using CBC and serum

biochemistry data, this MLM was as effective in screening for HA as

clinicians are despite the latter having access to additional clinical

data. Of note, cases included in this study were evaluated by clinicians

at various levels of training and experience, in a hospital that receives

primary, secondary, and tertiary referral cases.

Machine learning methods have been applied to a wide range of

clinical syndromes in people and veterinary medicine9-13 and can detect

subtle patterns that allow for the early detection of disease. The gold

standard diagnostic test for HA, serum cortisol measurement, has several

shortcomings including the need for a clinician to recognize the need for

the diagnostic test, prolonged turnaround time in some settings,

increased cost to the client, and the need for specialized laboratory

equipment to measure. Leveraging routinely collected clinicopathologic

data and applying machine learning methods identified patterns that can

streamline the diagnostic process and flag patients that are considered

high risk for HA for confirmatory testing. Because recognition of HA as a

differential diagnosis is challenging, automated methods to identify at

risk dogs in a general hospitalization population are needed.

In this study, the prevalence of HA was 0.06%, which is similar to

previous reports.5,8,14 With a low prevalence, even diagnostic tests

with high accuracy will incur false positives when screening an entire

population indiscriminately, rather than only those with a high pretest

probability of disease. Here, a low false positive rate was incurred,

suggesting that positive MLM results should be followed by confirma-

tory tests. From a clinical perspective, the consequences of a false

positive result are acceptable, as the confirmatory testing is noninva-

sive and cost effective. In contrast, recent studies have demonstrated

that as a screening test, even when used in a population with higher

pretest probability, the baseline cortisol test is associated with a

higher false positive rate.1,15 The MLM might therefore be used not

F IGURE 1 Consort diagram.
Machine learning model
prediction results for all dogs
enrolled in the study and their HA
associated clinical diagnosis.
Figure made with Biorender.com
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only to automatically screen patients for HA, but also refine test selec-

tion and save money in HA suspects.

The false positive MLM results in this group of dogs encompassed

cases with cavitary effusions and gastrointestinal disease. This is simi-

lar to previous findings that indicate this model is predisposed to mis-

classifying these types of disease process, which likely represents a

high similarity of CBC and serum chemistry panel findings between

HA and these disease processes.1

A limitation of this study is the lack of gold standard cortisol

testing in all dogs with a negative MLM result, and instead compari-

son to the diagnosis made at a veterinary medical teaching hospital

where access to specialist veterinarians and advanced diagnostics

are readily available. Without gold standard cortisol results in every

dog, sensitivity and specificity could not be calculated. Instead, we

report the positive and negative percent agreement relying upon

the judgment of the attending clinician and their clinical suspicion

and available cortisol measurements, rather than cortisol testing

alone. All dogs that were diagnosed with HA in this study were

MLM positive, resulting in a positive percent agreement of 100%. It

is possible that a diagnosis of HA was missed by the attending clini-

cian and the MLM, which would decrease the sensitivity of the

MLM. Further, the negative percent agreement was >99%, indicat-

ing that the MLM has similar accuracy to a cohort of clinicians with

various levels of training and experience at ruling out HA. Further

assessment with large scale cortisol testing would be required to

fully assess the sensitivity and specificity when used as a screening

tool in a general population of dogs having blood work performed.

An additional limitation is that some of the dogs with positive MLM

results were euthanized or treated with corticosteroids before

complete cortisol testing, which limited the ability to fully evaluate

the MLM positive dogs.

This MLM tool can augment clinical decision making by incorpo-

rating objective clinicopathologic data to individualize the risk assess-

ment of dogs for HA with high agreement compared to clinicians with

various levels of training and experience, regardless of the subclassifi-

cation of HA type (GMDH or GDH). False positive MLM results occur

at a clinically acceptable rate when this model is applied to a general

hospital population with a wide variety of clinical presentations and a

low HA prevalence.
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