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Abstract

Rapid diagnosis of ketosis in dairy cows is imperative for
treatment and managing economic losses. Cow-side ketosis
diagnostic tools are greatly needed. The objective of this study
was to compare three tools for the detection of ketosis, using
serum B-hydroxybutyrate (BHB) as the gold standard. The di-
agnostic tools tested were: (1) Precision Xtra® handheld blood
ketone meter, (2) ReliOn” urine ketone test strip, and (3) Cyra-
nose 320° electronic nose (eNose) for use on milk and urine.
Dairy cows (n = 60) were sampled immediately post-calving.
Whole blood, serum, milk, and urine were collected and ana-
lyzed on the same day. Each modality was compared to BHB to
determine sensitivity and specificity. Positive predictive value
(PPV) and negative predictive value (NPV) were calculated
across a range of ketosis, consistent with reported prevalence
(10-35%) in U.S. dairy operations. Urine ketone strips provided
the highest specificity (99.2%), yet low sensitivity (58.6%). The
Precision Xtra demonstrated adequate sensitivity (93.8%) and
specificity (92.9%). The eNose had substandard sensitivity and
specificity when used on milk (Sn: 58.8%; Sp: 44.3%) and urine
(Sn: 18.8%%; Sp: 80.6%) compared to the other modalities. Al-
though the actual predictive values change with prevalence,
urine ketone test strips had the highest PPV (89.5-97.6%) and
Precision Xtra had the highest NPV (99.3-96.5%) across all
simulated ketosis prevalences. Both urine ketone test strips
and the Precision Xtra are adequate cow-side ketosis detection
tools. Further optimization of the eNose is needed before de-
ployment as a field diagnostic tool.
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Introduction

The use of diagnostic tools for rapid detection of disease in
food animal veterinary species is of increasing importance.
Rapid disease diagnosis allows livestock producers and veteri-
narians to initiate therapy early and decrease illness duration.
Ketosis is a metabolic disease commonly observed in early
lactation, high producing dairy cows characterized by a nega-
tive energy balance.! Clinical and subclinical ketosis both
result in increased concentrations of ketone bodies, acetoac-
etate (AcAc), acetone (Ac) and beta hydroxybutyrate (BHB),
that are released into the blood, milk and urine of cows.?3

A definitive ketosis threshold has not been established, with

various sources using values of 1.0 mmol/L* to 1.4 mmol/L5 for
classification of subclinical ketosis and values near 3.0 mmol/
L for classification of clinical ketosis. Estimates of the in-
herd prevalence of ketosis also vary with subclinical ketosis
being reported as far more prevalent (8.9% to 34%) compared
to clinical ketosis (2% to 15%).” While ketosis does not directly
cause mortality, its presence in a dairy herd is associated with
decreased milk production and reproductive performance, as
well as, increased culling rates, development of other diseas-
es, and treatment costs.®® When accounting for these factors,
the estimated total cost of subclinical ketosis is nearly $300
per case.’

Cow-side diagnostic tools for the detection of ketosis are im-
portant for managing both individual animals and for herd
level screening. The gold standard for ketosis determination
in the dairy industry is a diagnostic laboratory serum or plas-
ma BHB test. The gold standard laboratory BHB test is vali-
dated, widely accepted and provides the most accurate results
for a dairy cow’s ketosis state. However, serum or plasma BHB
testing requires transport to a diagnostic laboratory, results are
routinely returned in 24-48 hours and sample submission is rel-
atively expensive compared to currently used cow-side tests.

Due to the testing delays associated with laboratory BHB test-
ing, dairy producers primarily rely on single-use urine ketone
test strips. Ketone test strips detect AcAc through the reaction
of sodium nitroprusside with ketone bodies in the urine. The
test strips, designed for human use, traditionally have served
as one of the most useful diagnostic tools for detection of ke-
tosis as they are cost effective, readily available, and provide
results in less than 15 seconds.!? Ketone test strips used in the
dairy industry have proven to provide accurate diagnosis of
ketosis when BHB concentrations, determined by diagnostic
laboratory assay, are greater than 1.4 mmol/L.1? Unfortu-
nately, urine collection in dairy cows can be challenging and
inconsistent which leads to the need for additional rapid de-
tection tools that can be used on more reliably collected bio-
logical samples, such as blood or milk.

Use of the Precision Xtra® handheld ketone meter is increas-
ing on dairy operations due to its success in ketosis detection
as demonstrated by prior research studies.!31¢ The Preci-
sion Xtra determines blood BHB concentrations, the same
ketone detected by the diagnostic laboratory BHB test. This

THE BOVINE PRACTITIONER | VOL. 57 | NO. 2 | 2023

© COPYRIGHT AMERICAN ASSOCIATION OF BOVINE PRACTITIONERS; OPEN ACCESS DISTRIBUTION.

5



electronic ketone meter requires a single drop of blood and
provides results in 10 seconds. The feasibility of the Precision
Xtra was outlined in a systematic review and meta-analysis
by Tatone et al.l” as a point-of-care test for the detection

of ketosis in dairy cattle evaluating its use as an index test
against the blood/serum laboratory BHB test!:131819 and
blood plasma laboratory BHB test.!® The Precision Xtra accu-
rately diagnosed both clinical and subclinical ketosis, with a
higher sensitivity and specificity than milk and urine ketone
test strips.!® Similarly, a number of studies represented in the
meta-analysis utilized the Precision Xtra as a reference test
for evaluation of urine ketone test strips (Ketostix®?%), milk
ketone test strips (PortaBHB®?! and Keto-Test®?%23), along
with a flow-injection analysis for BHB and acetone in milk?*
and the Fossomatic™ milk analyzer.?

Electronic nose (eNose) technology is gaining attention for
medical applications due its noninvasive, rapid disease diag-
nostic capabilities. Although the upfront instrument purchase
carries a substantial investment, the ongoing/consumable
costs are negligible per test. This technology operates on the
premise that different biological compounds or biomarkers
are generated in diseased versus non-diseased states.?® Bio-
markers can range from volatile chemical compounds pro-
duced by the diseased animal themselves to chemical com-
pounds produced as byproducts of bacterial fermentation.
eNose instruments consist of a bank of sensors (of varying
number and composition depending on the specific instru-
ment) that sample the air above a biological sample (sample
headspace) and classify individual samples based on their
unique composition or “smellprint™”.2> Samples with similar
smellprints can then be grouped qualitatively or semi-qualita-
tively and differentiated by computer algorithms.

eNose technology has been previously studied in the dairy
industry for the detection of metritis and mastitis. Burfeind
et al.?® classified specific bacterial species from the vagi-

nal discharge of dairy cows with acute puerperal metritis.
Eriksson et al.?” were able to differentiate cows with acute
clinical mastitis from healthy cows using an eNose on milk
samples. When applied to ketosis, the production of ketones
in either milk or urine could potentially serve as a detectable
biomarker for determining disease state. A study conducted
by Kauppinen et al.?® compared cows with induced ketosis

to control cows to evaluate a marine gasoline fume detector
as an eNose using expired air and milk samples. That study
demonstrated that this technology is capable of correctly clas-
sifying samples of milk from ketotic and non-ketotic cows;
however, it failed to accurately classify animals using expired
air samples. More recently, human medical researchers have
explored the use of eNose technology in diagnosing individu-
als with diabetic ketoacidosis, a disease marked by increased
ketone concentrations similar to ketosis in dairy cattle. Men-
doza Montoya et al.?? demonstrated a metal oxide gas eNose
could be used to determine ketone concentrations in synthet-
ic-urine dimethyl ketone dissolution samples. Additionally,
Esfahani et al.?? demonstrated that a different metal oxide gas
eNose could discriminate diabetic from control urine samples
with a sensitivity and specificity over 90%. The application of
eNose technology may potentially serve as a new, non-inva-
sive, rapid method for the detection of ketosis in early lacta-
tion dairy cows.

The current study utilized the commercially available Cyra-
nose 320® eNose, a portable handheld conducting-polymer
sensor eNose. This instrument comes equipped with a

32-sensor array capable of detecting a wide range of volatile
compounds to low parts per million (ppm) levels. The instru-
ment operates by use of an internal pump that pulls in or
“sniffs” the sample headspace, exposing it to the 32-sensor ar-
ray. Within the sensor array, each sensor responds differently
to the headspace analyzed creating the response pattern or
smellprint. Each sensor is composed of a thin-film carbon-
black polymer composition chemoresistor with a conductive
pathway through its length. The sensors function by absorb-
ing the volatile compounds from the headspace creating
resistance in the conductive pathway. The device then uses
pattern matching algorithms to classify sample smellprints
into distinct predetermined classes. Prior to instrument use
on samples with an unknown disease status, the Cyranose 320
eNose must be trained on samples associated with a known
disease status, such as biological samples from cows already
diagnosed as positive or negative for ketosis, to create appro-
priate classifications for instrument usage. The Cyranose 320
has been used extensively in human medicine for detection of
a variety of conditions including chronic obstructive pulmo-
nary disease (COPD) from breath samples,® bladder tumors
from urine,3? as well as bacterial classification,® but limited
research is available for its use in veterinary medicine, espe-
cially related to disease diagnosis in dairy cattle.

The objective of this study was to compare ReliOn® urine ke-
tone test strips, the Precision Xtra handheld ketone meter, and
the Cyranose 320 eNose for diagnosis of ketosis in dairy cattle
using a laboratory BHB test as a gold standard. The secondary
objective was to evaluate the clinical utility of each diagnos-
tic tool across a simulated range of ketosis prevalence values
typically seen in U.S. dairy operations.

Materials and methods

This study was conducted at the Kansas State University

Dairy Research and Teaching herd from May to August 2021.
Samples of blood, milk and urine were collected for cows that
freshened during the monitoring period. Samples were col-
lected on Monday, Wednesday and Friday, and each animal
was sampled up to 3 times between day 0 and day 8 post-fresh-
ening. Samples were collected before morning feeding (blood,
urine) and during morning milking (milk). One-hundred
seventy-two (n = 172) individual samples of milk and blood and
160 individual samples of urine were collected on 60 primipa-
rous and multiparous Holstein cows over the monitoring pe-
riod. Urine samples were not obtained from every freshened
cow at every sampling timepoint due to difficulty of the collec-
tion method to induce urination. Study procedures were ap-
proved by the Institutional Animal Care and Use Committee
at Kansas State University (IACUC #4328).

All biological samples were transported to the laboratory

for analysis at Kansas State University College of Veterinary
Medicine. Blood serum samples were submitted and analyzed
at the Kansas State Veterinary Diagnostic Lab (KSVDL) on

the day of collection. Analysis of whole blood (Precision Xtra)
and urine (ReliOn ketone test strips) samples were performed
within 2 hours after arrival from the dairy, while milk and
urine samples were analyzed on the eNose within 8 hours
after arrival. All samples were held at room temperature be-
tween sample collection and analysis.
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Urine collection and testing

Urine was collected by spontaneous urination or induced uri-
nation by manual stimulation of the perineum into 120 millili-
ter (mL) specimen containers. Urine ReliOn ketone test strips
were used according to manufacturer’s instructions, with
semi-quantitative results determined by test strip color change
relating to five levels of increasing concentration of AcAc, in-
dicated by the color chart provided on the test bottle. Results
were recorded as negative (0 mg/dL), trace (5 mg/dL), small (15
mg/dL), moderate (40 mg/dL), or large (= 80 mg/dL). For this
study, urine ketone test strip results in the small (15 mg/dL),
moderate (40 mg/dL), or large (> 80 mg/dL) categories were
classified as positive, while samples in the negative (0 mg/dL)
and trace (5 mg/dL) categories were classified as negative.

Blood collection and testing

Blood (13 mL) was obtained from the coccygeal vein using a
20 ga x 1” needle. Specimens were collected into preservative-
free and potassium EDTA vacutainer tubes. Beta-hydroxybu-
tyrate testing (KSVDL) was conducted using a colorimetric/
spectrophotometric method kit used according to the manu-
facturer’s instructions. Serum BHB results were reported as
the concentration of BHB in milligrams per deciliter (mg/dL).
Cows with serum BHB concentrations > 10 mg/dL on the di-
agnostic laboratory test were classified as ketosis positive for
this study. 434

Whole blood was used for the Precision Xtra handheld ketone
meter analysis of BHB concentrations, following manufac-
turer’s instructions, using the disposable blood 3-ketone test
strip. Results obtained from the Precision Xtra were reported
in mmol/L and were converted to mg/dL by multiplying the
measurement in mmol/L by 10.4.35

Milk collection

Composite milk samples from each cow were collected in milk
sampler bottles directly from the in-line automated milking
apparatus in the milking parlor. Milk was then transferred
from the sampler bottles to 120 mL specimen containers prior
to transport to the laboratory for analysis.

eNose procedure

Milk and urine were analyzed by the eNose for ketosis detec-
tion according to the manufacturer’s general recommenda-
tions for use. Milk and urine samples (10 mL of each) were
separately transferred to 15 mL centrifuge tubes for analysis.
Each day prior to sample analysis, the instrument underwent
a conditioning phase consisting of a 6-minute purge cycle fol-
lowed by 3 pre-sniffs. The purge cycle pulls vapors through
the instrument’s purge inlet (Figure 1) from the surrounding
air across the senor array and out through the exhaust port
(Figure 1). This process serves to establish a baseline exposure
to the surrounding environment prior to its use on samples.
Pre-sniffs are performed on sample gas headspace, but with-
out analyzing the smellprint, in order to sensitize the sensors
to either milk or urine depending on which sample type is to
be analyzed.

For sample analysis, a 16 ga x 3%” needle was penetrated
through the cap of the centrifuge tube into the sample head-
space area. The needle was attached to a 76 cm intravenous
extension set which connected directly to the sample inlet
(Figure 1) of the eNose. A vent hole was created in the cap of

Figure 1: Cyranose 320®* eNose with labeled features
used for sample collection.

Sample inlet

Exhaust port — | ——Purge inlet

*Sensigent, Baldwin Park, CA

the centrifuge tube by insertion of a second needle prior to
the sample run to prevent vacuum build-up. Instrument set-
tings for sample analysis are detailed in Table 1.

eNose training and data processing

Prior to eNose use for identification of unknown ketosis status
samples, the device was trained on samples of known ketosis
status. The training set uses samples of known ketosis status
(“ground truths” by diagnostic serum BHB assay). The train-
ing sets created in this study consisted of 2 predetermined
classes (ketosis positive and ketosis negative) constructed
separately for milk and urine matrices. Each training set con-
sisted of 5 ketosis negative and 5 ketosis positive test results
(Tables 2 and 3). As the training sets were established in real-
time, ketosis status of an individual sample was first predicted
by the Precision Xtra and then confirmed by the diagnostic
laboratory BHB assay. Any samples for which the classifica-
tion of ketosis positive/negative (a priori criteria referenced
above) by the Precision Xtra and laboratory BHB assay were
discrepant were removed from the training set. The milk
training set (Table 2) included test exposures with BHB con-
centrations for “negative” ranging from 6.49-8.88 mg/dL and
test exposures for “positive” ranging from 11.31-12.44 mg/dL.
Similarly, the urine training set (Table 3) had exposures with
BHB concentrations as “negative” between 5.40-8.88 mg/dL
and “positive” ranging from 11.15-12.44 mg/dL.
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Table 1: Cyranose 320®* eNose instrument settings for analysis of milk and urine headspace.

Flow operations (cubic centimeters/minute) Time (sec) Pump speed
Baseline purge: 10 Medium (120 cc/min)
Sample draw 1: 30 High (180 cc/min)
15t Air intake purge: 10 High (180 cc/min)
2nd Sample gas purge: 90 High (180 cc/min)

*Sensigent, Baldwin Park, CA

Table 2: eNose training set for milk and the respective serum B-hydroxybutyrate (BHB) result obtained by laboratory assay.

Negative class

Positive class

Exposure # BHB result (mg/dL) Exposure # BHB result (mg/dL)
1 7.90 1 12.44

2 8.88 2 12.44*

3 6.64 3 11.82*

4 8.32 4 11.317

5 6.49 5 11.567

* Exposures from same cow with samples collected on different days

T Exposures from same cow with samples collected on different days

Table 3: eNose training set for urine and the respective serum B-hydroxybutyrate (BHB) result obtained by laboratory assay.

Negative class

Positive class

Exposure # Lab BHB result (mg/dL) Exposure # Lab BHB result (mg/dL)
1 7.90 1 11.15*

2 8.88 2 11.15*

3 6.64 3 12.44

4 5.40 4 11.821

5 6.49 5 11.82°7

* Exposures from same cow with samples collected on different days
T Exposures from same cow with samples collected on different days

Training sets were optimized by changing data processing pa-
rameters including algorithm, normalization, preprocessing
and identification quality within the software provided. The
appropriate combination of these data processing parameters
was determined by uploading the training set to the Chemo-
metric Data Analysis Program (CDAnalysis™) software® pro-
vided. Within the CDAnalysis software, cross validation was
performed on each combination of data processing param-
eters for both the milk and urine training sets. Cross valida-
tion was used to determine the ability of each data parameter
combination to correctly classify samples within the speci-
fied training classes. Cross validation values of > 90% correct
prediction were used for sample identification on the eNose.
Algorithms and normalization were the only 2 data process-
ing parameters which differed between training sets. Prepro-
cessing and identification quality were held constant among

each training set. Therefore, eNose training sets for milk
and urine are referred to as eNose training set algorithm and
normalization combinations.

Statistical analysis

Results from each cow-side diagnostic tool and the laboratory
BHB test were assigned either a positive or negative classifica-
tion as described above. The three cow-side diagnostic tools
were then compared individually to the laboratory BHB assay
(reference test) to determine individual test sensitivity and
specificity. Confidence intervals (95%) for test sensitivity and
specificity were calculated using the Clopper-Pearson meth-
0d.36 All 5 eNose training set algorithm and normalization
combinations were evaluated for sensitivity and specificity,
however only 1 milk (Canonical Discriminant Analysis [CDA]
[Norm1]) and 1 urine (CDA [Norm1]) training set was selected
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for comparison with other cow-side diagnostic tools. The singu-
lar milk and urine eNose training set selection was determined
by optimization of sensitivity and specificity calculated as the
smallest difference between sensitivity and specificity for the
training set algorithm and normalization combinations. Test
sensitivity and specificity of each cow-side diagnostic tool was
modeled over various prevalence estimates to determine posi-
tive predictive value (PPV) and negative predictive value (NPV)
across the range of ketosis prevalence potentially encountered
in clinical practice. PPV and NPV 95% confidence intervals
were calculated using the standard logit confidence intervals.?’

Results

Cross validation of the eNose training set algorithm and nor-
malization combinations were performed, 3 separate milk
training set algorithm and normalization combinations and
2 urine algorithm and normalization combinations produced
>90% correct prediction (Table 4) and were evaluated for test
sensitivity and specificity (Table 5). Discrepancy between the
total number of samples collected (Milk: n =172; Urine: n =
160) and the number of samples used to determine sensitivity
and specificity for each eNose algorithm and normalization

combination are outlined in Table 5. Due to real time develop-
ment of milk and urine eNose training sets during the course
of the study, samples were collected until 5 positive and 5
negative ketosis samples were obtained to finalize the training
set. Once a training set was finalized, all additional samples
collected during the study were used to evaluate the perfor-
mance of the eNose. Differences between the total number

of samples used for training set development are reflective of
when the training sets were determined to have a cross valida-
tion of > 90% correct prediction and then subsequently em-
ployed on the remainder of the study samples. Additionally,
samples classified as “unknown” were eliminated from the
analysis for the training sets.

When evaluating the eNose training set algorithm and nor-
malization combinations in table 5, the highest sensitivity was
obtained with Milk - Support Vector Machine (SVM) (Norm1)
representing 100% (Clgse,: 81.5-100) and the lowest sensitiv-

ity with Urine - SVM (Norm1) at 5.6% (Clgses: 0.1-27.3). The
eNose training set algorithm and normalization combination
of Urine - SVM (Norm1) had the highest specificity at 97.4%
(Clgs: 91.0-99.7) while Milk - SVM (Norml1) had the lowest
specificity at 6.1% (Clgse,: 2.0-13.7). Optimization of the eNose

Table 4: eNose cross-validation results for various training set sample type/algorithm/normalization combinations

performed on CDAnalysis™* software.

Sample type - Algorithm (normalization) combinations

Cross validation (percent correct prediction)

Milk - CDA (Norm31)
Milk = SVM (Norm1)
Milk - SVM (None)
Urine - CDA (Norm1)
Urine - SVM (Norm1)

CDA - Canonical Discriminant Analysis; SVM - Support Vector Machine

*Sensigent, Baldwin Park, CA

90.0%
90.0%
100.0%
90.0%
90.0%

Table 5: Test result comparison for 5 eNose training set algorithm and normalization combinations testing milk and urine

headspace.

Sensitivity Specificity
Sample type- Number of Number of Samples
algorithm samples for samples classified . o . o
(normalization)  trainingset * FP FN TN testing as Estimate 95% Cl | Estimate 95% CI
combinations development set unknown
Milk — CDA 72 10 44 7 35 96 4 58.8% 32.9- 44.3% 33.1-
(Norm1) 81.6% 55.9%
Milk - SVM 72 18 77 0 5 100 0 100% 81.5- 6.1% 2.0-
(Norm1) 100% 13.7%
Milk - SVM 76 14 68 3 11 96 0 82.4% 56.6- 13.9% 7.2-
(None) 96.2% 23.6%
Urine - CDA 68 3 13 13 54 83 9 18.8% 4.1- 80.6% 69.1-
(Norma1) 45.7% 89.2%
Urine - SVM 64 1 2 17 76 96 0 5.6% 0.1- 97.4% 91.0-
(Norm1) 27.3% 99.7%

TP - True positive; FP - False positive; FN - False negative; TN — True negative; Cl - Confidence interval; CDA - Canonical Discriminant

Analysis; SVM - Support Vector Machine
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training set algorithm and normalization combinations were
determined as the smallest difference between sensitivity and
specificity of the test. Milk - CDA (Norm1) was the best opti-
mized combination for the eNose milk training set with a sensi-
tivity of 58.8% (Close: 32.9-81.6) and a specificity of 44.3% (Closo:
33.1-55.9). The best training set combination for urine was CDA
(Norm1) which had a sensitivity of 18.8% (Clgs,: 4.1-45.7) and

a specificity of 80.6% (Clgse: 69.1-89.2). Both the Milk - CDA
(Norm1) and the Urine - CDA (Norml) were selected for com-
parison with the Precision Xtra and the urine ketone test strips.

Test sensitivity and specificity comparison of the eNose and
conventional cow-side diagnostic tools are shown in Table 6.
The Precision Xtra provided the highest sensitivity (93.8%;
Clys0,: 79.2-99.2) among the tools with a specificity of 92.9%
(Closes: 87.3-96.5). The urine ketone test strips had the highest
specificity (99.2%; Close,: 95.8-100), although displayed a much
lower sensitivity (58.6%; Clgse,: 38.9-76.5). eNose - Urine dis-
played the lowest sensitivity (18.8%; Clgse,: 4.1-45.7) across all
evaluated tools while the eNose - Milk had the lowest specific-
ity at 44.3% (CIgse,: 33.1-55.9).

In the modeling component of the study (Table 7), ketosis
prevalence estimates of 10%, 20% and 35% were chosen to
demonstrate the impact on PPV and NPV for the 4 tests across
arange of herd ketosis rates potentially encountered within
dairy operations. Across all prevalences, the urine ketone test
strips produced the highest PPV (Figure 2) and the Precision
Xtra produced the highest NPV (Figure 3). When ketosis prev-
alence was low (10%), the urine ketone test strips produced the
highest PPV (89.5%; Clgso,: 54.2-98.4), and the Precision Xtra
had the highest NPV (99.3%; Clgso: 97.2-99.8). When the hypo-
thetical ketosis prevalence was increased to 20% and 35%, the
same trend among devices was observed with the highest PPV
recorded at 95% (Clgso,: 72.7-99.3) and 97.6% (Clgse,: 85.1-99.7),
respectively, for the urine ketone test strips. NPV behaved in
a similar manner with the Precision Xtra having the highest
NPV at 20% prevalence (98.3%); Clgso,: 93.9-99.6) and 35% prev-
alence (96.5%; Clgso,: 87.8-99.1). The eNose - Urine provided
the lowest PPV and NPV across all prevalences with the eNose
- Milk producing similarly low results (Figures 2 & 3).

Discussion

While all diagnostic tools evaluated in this study provided
rapid results, the ability to correctly determine true disease
status varied greatly. When analyzing the intrinsic properties
(sensitivity and specificity) of the diagnostic tools, the Preci-
sion Xtra and the urine ketone test strips performed similarly
to other published research trials assessing their use in early
lactation dairy cattle for detection of subclinical ketosis. The
Precision Xtra in the current study utilized a lower ketone
cutoff (10 mg/dL - reference test; 1.0 mmol/L - Precision Xtra)
than described in Tatone et al. systematic review and meta-
analysis (~12-14 mg/dL - reference test; 1.2-1.4 mmol/L - Preci-
sion Xtra).” The Precision Xtra in this study demonstrated a
sensitivity of 93.8% and a specificity of 92.9%, comparable to
other studies conducted on the early lactation dairy cows hav-
ing a sensitivity ranging from 75% to 100% and a specificity
ranging from 91% to 100%.!7 The urine ketone test strips in the
current study demonstrated a sensitivity of 58.6% and a speci-
ficity of 99.2%, similar to other studies described in system-
atic review and meta-analysis by Tatone et al. utilizing urine
test strips (Ketostix) with the same ketone cutoff (Small - 15
mg/dL/1.5 mmol/L) but a different reference test ketone cutoff

(1.2-1.4 mmol/L/~12-14 mg/dL) that reported a sensitivity rang-
ing from 59% to 78% and a specificity of 95% to 96%.17

The high sensitivity of the Precision Xtra was best able to min-
imize the total number of false negatives (n = 2) amongst the
cow-side tests in the current study, whereas the urine ketone
test strips best minimize false positives (n = 1) (Table 6). The
Precision Xtra is the tool of choice for ruling-out ketosis as
those cattle which test negative with the Precision Xtra have
the highest probability of being true negatives when com-
pared to other tools utilized in this study. The urine ketone
test strips are best used for ruling-in ketosis as those cattle
which test positive with the urine ketone test strips have the
highest probability of being true positives compared to the
other tools in this study.

The clinical utility of a diagnostic tool, however, is predicated
on the PPV and NPV, which is dependent on test sensitiv-

ity and specificity, as well as disease prevalence within the
population. Table 7 shows the PPV and NPV for the cow-side
tools tested in this study for simulated subclinical ketosis
prevalences of 10%, 20% and 35%. Disease prevalence for the
study herd calculated from serum laboratory BHB results was
18.6%. Across all prevalence ranges modeled in Figure 2, as
prevalence increases, PPV increases regardless of the diag-
nostic tool. Inversely, as prevalence increases NPV decreases
for all diagnostic tools (Figure 3). The Precision Xtra had the
highest NPV across all modeled prevalence ranges and was
best able to determine true negative cows (highest true nega-
tive rate). When evaluating the eNose on both samples of milk
and urine, the PPV and NPV are much less reliable compared
to the other 2 diagnostic tools.

No device provided both the highest PPV and NPV, so correct
application of the diagnostic tool should match the clinical
objective, whether it be predicting true disease or non-disease
status. Applying an individual treatment for a case of ketosis
is effective, relatively inexpensive and has minimal adverse
effects. With this in mind, the Precision Xtra is best able to
determine cows which are truly negative or will not require
treatment. Those which test negative on the Precision Xtra are
either unlikely to benefit from treatment or should be evalu-
ated for other disease syndromes.

Although the current study demonstrates the first published
use of the commercially available Cyranose 320 eNose for
detection of ketosis in dairy cattle, these results indicate that
the instrument is not ready for field application at this time

as testing on milk and urine had much greater false positive
and false negative rates than either the Precision Xtra or the
urine ketone test strips. Several areas of research could be
explored to optimize the Cyranose 320 for detection of ketosis
and/or evaluate its potential use as a cow-side diagnostic tool.
One area of investigation would be to optimize the test meth-
odology. Acetone incurred samples were tested prior to the
current study (data not shown) to evaluate the ability of the in-
strument to detect ketones in headspace samples of milk with
varying total sample volume and sample-to-headspace ratios
before a final, standardized test method was determined. Test
method evaluations were performed by running sample meth-
od combinations on the eNose and evaluating sensor output in
the PCnose™ application through the scrolling strip chart fea-
ture. Individual sensor response was evaluated in the scroll-
ing strip chart and the method combination which provided
the highest combined sensor response across all 32 sensors
was utilized for the study. Quantitative sensor response was
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Table 6: Test sensitivity and specificity comparison for 3 cow-side diagnostic tests for detection ketosis in early lactation

dairy cows.
Sensitivity Specificity
Diagnostic Tools Sample TP FP FN N Total | Estimate 95%Cl | Estimate 95% CI
Type

Precision Xtra®*  Blood 30 10 2 130 172 93.8% 79.2- 92.9% 87.3%-
99.2% 96.5%

ReliOn® Ketone Urine 17 1 12 130 160 58.6% 38.9- 99.2% 95.8-
Test Strips T 76.5% 100%
Cyranose 320® Milk 10 44 7 35 96 58.8% 32.9- 44.3% 33.1-
eNose * 81.6% 55.9%
Cyranose 320°® Urine 3 13 13 54 83 18.8% 4.1- 80.6% 69.1-
eNose * 45.7% 89.2%

TP - True positive; FP - False positive; FN - False negative; TN - True negative; Cl - Confidence interval

*Abbott Laboratories, Abbott Park, IL
Twal-Mart Stores, Inc., Bentonville, AR
*Sensigent, Baldwin Park, CA

Table 7: Diagnostic tool positive predictive value (PPV) and negative predictive value (NPV) distribution across selected

herd ketosis prevalence estimates.

10% Prevalence 20% Prevalence 35% Prevalence
Diagnostic Sample type | PPV(95% CI) NPV (95% ClI) | PPV (95% CI) NPV (95% CI) | PPV (95% CI) NPV (95% Cl)
tools
Precision Blood 59.3% 99.3% 76.6% 98.3% 87.6% 96.5%
Xtra®* (44.4-72.7%) (97.2-99.8%) | (64.2-85.7%) (93.9-99.6%) | (79.4-92.8%) (87.8-99.1%)
ReliOn® Urine 89.5% 95.6% 95.0% 90.6% 97.6% 81.7%
Ketone Test (54.2-98.4%) (93.3-97.1%) | (72.7-99.3%) (86.1-93.7%) | (85.1-99.7%) (74.3-87.3%)
Strips T
Cyranose Milk 10.5% 90.6% 20.9% 81.1% 36.3% 66.6%
320°@ eNose* (7.0-15.5%) (83.9-94.7%) | (14.5-29.2%) (69.8-88.9%) | (26.7-47.0%) (51.8-78.8%)
Cyranose Urine 9.7% 90.0% 19.5% 79.9% 34.2% 64.8%
320® eNose? (3.3-25.0%) (87.3-92.1%) (7.2-42.8%) (75.3-83.8%) | (14.4-61.7%) (58.6-70.6%)

PPV - Positive predictive value; NPV - Negative predictive value; Cl - Confidence interval

*Abbott Laboratories, Abbott Park, IL
TWal-Mart Stores, Inc., Bentonville, AR
* Sensigent, Baldwin Park, CA

calculated using the Equation 1.
Equation 1: ((R; - Ri=g)/ Ri=o * 10°)

R¢- Sensor response to sample

R¢=o - Sensor response at baseline/purge

However, qualitative visualization of the sensor responses via
the scrolling strip chart guided selection of the appropriate
test methodology.

Instrument flow settings (Table 1) can be modified including
the time and pump speed. Optimal flow settings are depen-
dent on the application of use and sample type tested. The
final time determination for sample pull in this study was
selected based on when all sensors have reached a maximum
sensor response (highest peak) via scrolling strip chart fea-
ture in PCnose for the sampling method utilized. High pump

speed 180 cubic centimeters per minute was used for sample
testing in this study.

Data processing parameters (algorithm, normalization, pre-
processing and identification quality) were largely determined
by importing the created training set into the CDAnalysis™
software and evaluating the calculated cross validations from
the training set algorithm and normalization combinations.
While a > 90% cross validation was the determined cutoff for
eNose training set algorithm and normalization combination
selection, a greater cross validation did not necessarily mean
better outcomes in ketosis classification. As observed in Table
5, Milk - SVM (None) (Cross Validation: 100%) had a sensitivity
of 82.4% and a specificity of 13.9%. Milk - CDA (Norm1) (Cross
Validation: 90%) better optimized sensitivity (58.8%) and spec-
ificity (44.3%) with fewer total false positives (n = 44) when
compared to Milk - SVM (None) (n = 68). One parameter that
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Figure 2: Diagnostic tool positive predictive value (PPV) distribution across all potential herd ketosis prevalence rates.
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Cyranose 320® eNose, Sensigent, Baldwin Park, CA

accounted for variation in the total number of samples was
the identification quality. Because identification quality was
set to “high” some samples were not classified into a training
set category (ketosis positive or ketosis negative) and were re-
ported as “unknown”. Applying a stricter criterion may intui-
tively seem beneficial in accurately diagnosing disease status,
however, further studies should evaluate the use of a forced
classification option especially when reporting results which
are binary in nature.

Although instrument/method optimization was not fully ex-
plored in the current study, it is possible that performance
of the Cyranose 320 could be improved. One limitation of
the current study is that we only used one sensor material
(carbon-black polymer). There are other sensor materials
available that could be tested to improve detection of ketosis.
With regard to optimizing the electronic nose for detection
of ketosis, another limitation of this study is that no post-
collection sample manipulations were conducted. While

heating or dehydrating samples after collection may improve
the performance of electronic noses for detection of ketosis,
these procedures limit the utility of the instrument as a cow-
side diagnostic tool. Future studies using this instrument as a
diagnostic tool should consider the complexity of the matrix
samples, pre-testing sample preparation, sensor materials
employed, alternative data analysis methods and the certainty
of “ground truth” samples for training to potentially improve
the functionality of this instrument. Although these factors
may optimize the electronic nose for detection of ketosis, one
of the inherent limitations of this instrument is that it is de-
signed to detect different smellprints, but not necessarily dif-
ferentiate the intensity of two similar smellprints. As low lev-
els of ketones are present in the milk of healthy cows, it may
be that the instrument is simply not able to discriminate the
signal intensity as well as other diagnostic tools that are de-
signed to quantify ketone concentrations. A final limitation to
consider is the window of time between sample collection and
sample analysis on the eNose. In the current study, samples
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Figure 3: Diagnostic tool negative predictive value (NPV) distribution across all potential herd ketosis prevalence rates.
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were analyzed on the eNose within 8 hours after collection.

It is unknown what the impact of sample holding time could
do to the utility of the sample for analysis. While extending
the time between sample collection and analysis is thought to
degrade/deteriorate the sample, this might possibly work in
favor for production of volatile compounds to accumulate in
the sample headspace. To eliminate the possibility of inters-
ample variability with the time after collection, all samples
should be analyzed on the eNose within a reasonable confined
window. Should these limitations be addressed in subsequent
research, the instrument will require testing to evaluate time-
frame of analysis, performance under field conditions and
determine the effects of air quality and intensive use, as well
as to determine the longevity and stability of classification al-
gorithms and sensor materials.

Urine ketone test strips and the Precision Xtra are adequate
cow-side ketosis detection tools. For timely herd-level inter-
ventions, a high test sensitivity will minimize false negative

results; thus, the handheld ketone meter is the optimal tool
for this use while still providing a reasonable specificity. Fur-
ther optimization of the eNose is needed before deployment as
a field diagnostic tool.

Endnotes
aPrecision Xtra® Abbott Laboratories, Abbott Park, IL

bCyranose 320°, Sensigent, Baldwin Park, CA
€ReliOn® Wal-Mart Stores, Inc., Bentonville, AR
dvacutainer, BD Diagnostics, Franklin Lakes, NJ

¢Beta-Hydroxybutyrate LiquiColor®, Stanbio Laboratory,
Boerne, TX

fPCnose™, Sensigent, Baldwin Park, CA

8CDAnalysis™, Version 11.2, Sensigent, Baldwin Park, CA
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