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Abstract

Sub-clinical ketosis (SCK) significantly affects post-partum dairy cow performance and wel-
fare. A total of 11,327,959 test-day (TD) records over two years on 1.76 million Holstein cow
lactations and 2840 farms were processed to ascertain thresholds for milk acetone (mACE)
and B-hydroxybutyrate (mBHB) as indicators of SCK on the basis of a significant milk yield
loss at the TD. The set thresholds for mACE and mBHB were 0.10 mmol/L and 0.14 mmol/L,
respectively. The prevalence of SCK in the population during the first 60 days in milk (DIM)
was estimated based on herd size and milk yields, utilizing one or both of these metabolites
surpassing their respective thresholds. Analyzing both mACE and mBHB together revealed a
higher occurrence of SCK in small herds (fewer than 100 cows) and a lower occurrence in the
two most productive milk categories. The prevalence had an inverse relationship with the daily
milk yield at 60 DIM, indicating a surprisingly high frequency of low-productivity herds in the
risk classes exceeding 30%. These results suggest that assessing SCK prevalence through the
combined evaluation of mACE and mBHB is a more effective approach than using the milk
fat to protein ratio, especially when considering different herd sizes and daily milk yield at 60
DIM.

Assessing the risk of metabolic disorders using dairy herd improvement (DHI) data strikes a
practical balance between accuracy and the time/cost involved, making it a feasible approach
for ongoing large-scale monitoring of animal health status. This risk assessment also creates an
opportunity for planning interventions (Warner et al., 2020). Poor dietary management during
the transition period (from gestation to lactation), can leave a lactating cow unable to meet
rising energy demands through feed intake. This results in excessive mobilization of adipose
reserves to address glucose shortage, leading to increased synthesis of ketone bodies: acetone
(ACE, and in milk mACE), acetoacetate, and p-hydroxybutyrate (BHB, and in milk mBHB).
This, in turn, can cause clinical (CK) and sub-clinical ketosis (SCK) and has detrimental effects
on cow health and performance (Ruoff et al., 2017). Early onset of SCK significantly hampers
productive, reproductive efficiency, and welfare (EFSA, 2009). Cows developing SCK in the
first week of lactation exhibit lower milk yield compared to those affected in the second week
(Rodriguez et al., 2022), with a daily mean difference of —3.7 kg. Therefore, predicting cows at
risk of SCK is crucial.

The fat-to-protein (F-to-P) ratio is commonly proposed as a diagnostic test because SCK is
known to increase milk fat percentage and decrease protein percentage (Duffield et al., 1997).
This approach has a sensitivity (Se) of about 58% and specificity (Sp) of 69%. Achieving a more
precise prediction involves setting an early threshold for milk ketone body concentration. The
correlation between blood BHB and F-to-P is low (r = 0.17; Denis-Robichaud et al., 2014).
Therefore, a more effective approach in detecting early signs of SCK through milk analysis is
to use a combined index incorporating mACE and mBHB. de Roos et al. (2007) recommended
threshold values for SCK of > 0.10 mmol/L for mBHB and > 0.15 mmol/L for mACE, and a
more pronounced increase in mACE than mBHB has been reported in the week before ketosis
diagnosis by Caldeira et al. (2020). Along these lines, there has been recent consideration of
a potential composite index that incorporates both mACE and mBHB (Kowalski et al., 2021,
2023). Fourier-transform infrared spectroscopy (FTIR) calibration for mACE and mBHB may
provide a further opportunity to improve accuracy of estimating early SCK risk (Grelet et al.,
2016; 2021).

This study sought to determine thresholds for mACE and mBHB to predict a decline in
milk yield as an early indicator of sub-clinical ketosis (SCK) within the first 15 days in milk
(DIM). Subsequently, these thresholds were utilized to detect SCK within the initial 60 DIM,
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evaluating its prevalence across herds of different sizes (indicative
of farm structural dimension) and average milk yield (indicative of
herd nutritional management).

Materials and methods
Data source

No animal welfare and use committee approval was required for
this study, since the data sets were obtained from official rou-
tine animal performance recording (DHI) conducted by the Italian
Breeders Association (AIA, Rome, Italy). Three years of official
test day (TD) data (2017 n = 3,784,407; 2018 n = 3,744,200;
2019 n = 3,799,352) recorded on 580,688, 587,707 and 582,776 lac-
tations, respectively, for these three years were used. Data included
animal ID, herd, daily milk yield (kg/d), parity, DIM, linear score
for somatic cell count, fat percentage, protein percentage, lactose
percentage, mACE and mBHB. The study focused on observations
between 5 and 60 DIM only. TD records with fat < 1.5% or > 9.0%
and protein < 1.0% or > 7.0% were purged.

Statistical analysis

Data were handled and analyzed using R (R Core Team, 2020,
version 3.6.3, 2020, The R Foundation for Statistical Computing,
Vienna, Austria), with the following packages: sqldf v.0.4-11,
readr v.2.1.1; lubridate v.1.8.0; rcmdr v.2.7-2, lme4 v.1.1-27.1;
ved v.1.4-8 (https://cran.r-project.org/). Data analysis followed a
two-step process on separate animal groups. Initially, we deter-
mined mACE and mBHB concentration thresholds linked to
a notable decrease in milk yield, indicating SCK risk. Using
Tatone et al’s (2017) method, we examined dichotomous vari-
ables for mACE and mBHB in a cohort of 241,399 cows within
15 DIM out of 264,220. The variable values, selected to cor-
respond with concentrations leading to a noteworthy reduc-
tion in milk yield, ranged from 0.02 to 0.22 mmol/L. The
testing encompassed a general mixed linear model as outlined
below:

PRODy; = p + year; + monthp; + parity, + DIM + LS + FAT
+ PRO + LAC + dummy + herd + ¢

where: PRODy, = milk yield in kg/day; u = fixed intercept
effect; year; = i year of sampling, fixed factor (2017, 2018,
2019); monthpj = fixed factor, jth month of delivery (1, .., 12);

parity; = fixed factor, kt lactation order (1, 2, 3); DIM = covariate,
days of lactation; LS = covariate, Linear Score SCC; FAT = covari-
ate, milk fat content (%); PRO = covariate, milk protein content
(%); LAC = covariate, milk lactose content (%); dichotomous vari-
able = RBHB.02,...,RBHB.20; RACE.02,..., RACE.20 (the variable
was set to “0” if the value was under the threshold, or “1” if the value
was above the threshold); herd = random factor, ¢ = common
random error.

The threshold for SCK for each milk metabolite was established
considering the concentration associated to a significant nega-
tive effect on milk yield (P < 0.05). The relationships between
SCK and milk yield reduction were tested at 15 DIM, selected
for its highest reported prevalence of SCK (Duffield et al., 1998).
Using these thresholds, each day’s samples for a specific lactation
phase were classified as non-ketolactia (NKL; both metabolites
below the threshold) or hyper-ketolactia (PKL; at least one, either
mACE or mBHB, above the threshold). The mACE, mBHB and
mACE/mBHB thresholds were compared with the established F to
P ratio threshold for SCK of > 1.4 (AIA; Tondo, 2014). To assess
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the differences between parities in F to P, mACE and mBHB, anal-
ysis of variance was performed according to the following model:

Yik = p + parity, + DIM + (parity * DIM); + cow + ¢

where: y; = values of F to P, mACE, and mBHB in milk;

u = fixed intercept effect; parity, = fixed factor, i lactation
order (1, 2, 3 or higher); DIM; = covariate, days of lactation;
(parity*DIM)ij = interaction between parity and DIM main fixed
effects; cow;, = random effect of the k" cow; e = common random
error.

In the second step, we compared the SCK risk distribution
across herds using the combined mACE and mBHB thresholds
obtained in Step 1 and the F to P ratio > 1.4 in cows within 60 DIM.
The cohort included 585,003 and 586,427 test day records for 2018
and 2019, respectively. Herd size was defined in four classes accord-
ing to the number of lactating cows, as: < 100 (A); 101 to 200 (B);
201 to 300 (C) and > 301 (D). Milk yield level was also defined
in four classes, according to the mean 60 DIM daily performance
(<28, > 28 and < 33, > 33 and < 38 and finally > 38 kg/cow/d).
Each herd within each year was then classified for the SCK preva-
lence: < 10.0% (a), 10 to 20% (b), 20 to 30.0% (c) and > 30% (d).
Herd size and milk yield classes were matched with SCK preva-
lence within each year, forming contingency tables. A chi-square
test analyzed observed (nij) versus expected (f,»j) frequencies, test-
ing independence. Quinn and Keough’s (2002) method estimated
the differences (n,]- - f,]-), and these were standardized using Pearson
standardized residuals:

(”ij - fzj) (fg)

Standardized residuals, directly comparable regardless of fre-
quencies, indicated differences in farm frequency distribution for
SCK. Mosaic plots (Meyer et al., 2006) illustrated these differ-
ences, with red cells denoting higher-than-expected and blue cells
lower-than-expected herd frequencies.

Results and discussion
Threshold identification

The lowest concentration significantly affecting milk yield in our
dataset (more than 11 million TD recorded on more than 580,000
cows) was 0.10 mmol/L for mACE and 0.14 mmol/L for mBHB.
Within 15 DIM, the reduction in milk yield at each milking related
to mACE > 0.10 mmol L™ was 0.149 kg and the reduction related
to mBHB > 0.14 mmol L™! was estimated as 0.084 kg/milking At
30 DIM, the threshold for mACE was 0.06 mmol L™ with an esti-
mated milk yield reduction of 0.626 kg/milking, and for mBHB
the threshold was 0.10 mmol L™!, which was associated with a
reduction of 0.169 kg/milking. Therefore, the estimated milk yield
loss is greater within 30 DIM that in 15 DIM which is presum-
ably associated with the shape of the milk curve. However, SCK
detected within the first week of lactation can have a more detri-
mental effect on the cow physiology and welfare (Rodriguez et al.,
2022).

Our mACE threshold concentration also fell within the range
of 0.7-1.4 mmol/l reported by Gustafsson and Emanuelson (1996).
The mBHB threshold we found is similar to the optimal cutoft
point that Renaud et al. (2019) found in a sample of 316 Canadian
Holstein with a sensitivity of 81% and a specificity of 92%. de
Roos et al. (2007) recommended slightly different threshold val-
ues of > 0.15 mmol/L for mACE and > 0.10 mmol/L for mBHB.
In our study, Pearson’s correlation between mACE and mBHB was
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Table 1. Least square means (standard error) for the dependent variables in milk within 60 DIM in 2018 and 2019
Parity class
Item 1 2 3 P value
F-to-P ratio 1.245 (0.0005)° 1.237 (0.0005)? 1.279 (0.0005)° < 0.0001
mACE, mmol/L 0.057 (0.0002)¢ 0.043 (0.0002)? 0.054 (0.0002)P < 0.0001
mBHB, mmol/L 0.045 (0.0001)? 0.048 (0.0001)P 0.054 (0.0001)° < 0.0001
mMACE/mBHB ratio 1.180 (0.0023)¢ 0.777 (0.0027)2 0.838 (0.0024)° < 0.0001
a,b,c = values with different superscript differ for P < 0.0001.
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Figure 1. Milk fat to protein ratio, milk acetone, milk BHB, and milk acetone to BHB ratio estimated means of each variable during the first 60 days in milk (DIM) according
to the parity (1 = parity 1; 2 = parity 2; 3 = parity 3 or higher). The shaded areas represent the confidence interval at 99%.

0.51 (P < 0.001, Supplementary Figure 1), and between the two
metabolites and F-to-P ratio was 0.35 and 0.23 respectively (both
P < 0.001). This latter value is considerably lower than the 0.52
reported for primiparous cows (Koeck et al., 2014). We found a
positive association between mACE and mBHB concentrations
and a negative association between these metabolites and milk
yield (Supplementary Figure 2). A significant decline in milk yield
correlated with the concentration of mBHB has been reported
previously (Klein et al., 2020).

The ANOVA performed on F-to-P, mACE, mBHB and
mACE/mBHB ratio resulted in a highly significant effect of par-
ity, DIM and their interaction for all the dependent variables.
Least squares mean values and their standard errors are reported
in Table 1 for the three parity classes. These results confirm that
mBHB level increases according to parity (Van Soest et al., 2024),
third or higher parity cows having higher values than those in their
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second lactation. A different patten was seen for mACE as well as
for the mACE/mBHB ratio, where primiparous cows exhibited the
highest values and second lactation cows the lowest. The weight of
parity effect is associated with an increased impact of cow-level fac-
tors throughout the productive life of the animal, while herd-level
factors are more suitable to describe the general management effect
of the farm (Van Soest et al., 2024).

The very low number of studies on mACE does not allow us
to compare this result with literature values. It is well known that
primiparous cows have fewer SCK problems than multiparous.
Recently, Van Soest et al. (2024) reported a 54% lower within-
herd hyperketolactia (HKL) prevalence in primiparous than in
multiparous cows. Kowalski et al. (2023) noted that the lowest pro-
portion of HKL cows was found for second lactation cows, with a
lack of linear effect of increasing parity on increasing prevalence
of HKL. This lower susceptibility to HKL in second parity cows
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Figure 2. Mosaic plot visualizing the prevalence distribution of farm classified according to prevalence and herd size (herdavg) with four classes (<100 = a, 101 to 200 = b,
201 to 300 = ¢, and >300 = d) in the two consecutive years (2018 and 2019) for fat to protein ratio (gpprev2018 and gpprev2019) or for the combined index with milk acetone
and milk BHB (ketprev2018 and ketprev2019). color intensity is proportional to Pearson residuals; blu related to the lower than expected frequency and the red elated to

higher than expected frequency.

indirectly agrees with our observations of lower mACE and mBHB
in the first 60 DIM in our second lactations.

We are not aware of any possible relationship between the
higher mACE level in primiparous (namely very early post-
partum) and the results evidenced by Tatone et al. (2017) who
evidenced a different peaking time in HKL between primiparous
(5 DIM) and pluriparous (11-12 DIM). We observed a decline in
mBHB, falling below 0.04 mmol/L just after 30 DIM. This dif-
fers from data in Koeck et al. (2014) who reported mBHB levels
that remained above 0.06 mmol/L during the initial 100 DIM. A
more in-depth analysis of the differences between primiparous and
multiparous cows for the SCK indicators is necessary.

Our results indicate that the candidate indicators of SCK,
including F-to-P, mACE, mBHB, and the mACE/mBHB ratio,
exhibit distinct patterns during the initial 60 DIM based on cow
parity (Figure 1). Values for mACE, mBHB and their ratio con-
sistently exhibited a negative trend in time for all cow parities,
whereas the F-to-P distribution for parity 1 and 3 resembled a
right-skewed gamma distribution. Interestingly, cows of parity two
displayed the lowest levels of mACE, F-to-P and the mACE/mBHB
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ratio. In contrast, primiparous cows demonstrated a decline in all
indicators during the initial 20 DIM. A composite index for SCK
classification should incorporate at least one of the milk ketone
body values (mACE or mBHB). It is important to highlight that the
mACE level is more effective in detecting early-stage SCK, while
the mBHB level is better suited for identifying later-stage SCK.

Impact of changed criteria for SCK identification on farm
classification

We evaluated the prevalence of SCK at farm level utilizing mACE
and mBHB data extracted from DHI test day records in extensive
populations. The collected information was employed for assessing
metabolic health risks during the transition phase. By compar-
ing prevalence determined by revised thresholds for mBHB and
mACE in SCK diagnoses, we analyzed variations across herd size
and productivity, contrasting these findings with estimates derived
from the milk F-to-P ratio. The differences in the residual dis-
tribution between the two systems within year indicate a differ-
ent evaluation of farm distribution, even with small differences
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Figure 3. Mosaic plot visualizing the prevalence distribution of farm classified according to prevalence and average yield up to 60 DIM (yield60avg) in the two consecutive
years (2018 and 2019) for fat to protein ratio (gpprev2018 and gpprev2019) or for the combined index with milk acetone and milk BHB (ketprev2018 and ketprev2019). color
intensity is proportional to Pearson residuals; blu related to the lower than expected frequency and the red elated to higher than expected frequency.

between years within method. This preliminary result suggests
us to continue in this analysis for the successive years to bet-
ter understand the consistence in time of these classification
methods.

The overall prevalence of SCK in our large dataset was 23.8%
by F to P, 7.6% by mBHB and 20.7% by the combined mBHB and
mACE threshold in 2017, 24.5, 6.1 and 20.0% in 2018 and 24.3, 5.5
and 16.1, respectively, in 2019. On a sample of 66 herds and 5,884
cows in Italy, Suthar et al. (2013) reported a prevalence of 36.6%
of SCK between 2 to 15 DIM, defined by plasma concentrations of
BHB > 1.2 to 1.4 mmol/L, measured by a handheld meter. In 528
herds across 10 European countries, Italy had the highest incidence
of SCK (Suthar et al., 2013). An average prevalence of SCK of 20%
was found in a Canadian Holstein population in 1998 (Duffield
et al., 1998).

Given the extended impact of high fat mobilization beyond
30 days and the regular DHI data availability for most cows, it
is reasonable to extrapolate SCK incidence for both individual
cows and herd management during the post-partum transition.
Our findings indicate that mACE and mBHB, when used in tan-
dem, display a unique postpartum pattern, with mACE peaking
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in the first week and mBHB in the second week. The inclusion of
both mACE and mBHB provides a more accurate estimate of SCK
prevalence at the herd level.

We compared SCK prevalence distributions using the F-to-P
ratio with thresholds for mBHB and mACE established in this
study for the 60 DIM cohort in 2018 and 2019 (Supplementary
Figures 3 and 4). Prevalence was assessed for different farm
sizes (Supplementary Figure 3) and 60 DIM milk yield classes
(Supplementary). The mACE-mBHB index revealed higher SCK
prevalence in larger herds and in those with higher milk yield, in
contrast to the F-to-P ratio. Small herds had above 30% SCK preva-
lence using the F-to-P ratio (Figure 2). When evaluating prevalence
in relation to the mean daily milk yield within the initial 60 DIM
using the F-to-P ratio (Figure 3), no significant differences were
observed.

The incidence of SCK is related to negative energy balance man-
agement linked to parity (Ospina et al., 2010). Here we observe
that the prevalence is also influenced by herd size and risk classes.
Stengdrde et al. (2012) reported a positive correlation between herd
size and SCK incidence in Sweden, while in Norway, Vanholder
et al. (2015) found the opposite. Smaller farms experienced a
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higher incidence of SCK, a phenomenon attributed by the authors
to a conventional feeding approach employing a single diet. This
practice frequently led to overfeeding during the last third of lacta-
tion, causing cows to enter the dry period in an over-conditioned
state and facing an elevated risk of SCK and CK at the beginning
of the subsequent lactation (Vanholder et al., 2015).

Dairy farm facilities and management impact metabolic health
in early lactation (Couto Serrenho et al., 2023). Effective manage-
ment, commonly observed in herds with higher milk yields is asso-
ciated with lower occurrence of metabolic disorders and reduced
SCK at the beginning of lactation. In our study, herds with the low-
est daily average 60 DIM yield exhibited a higher-than-expected
SCK prevalence, while more productive herds demonstrated a
lower-than-expected prevalence (Figure 3). Nevertheless, highly
productive dairy cattle are still susceptible to SCK, underscor-
ing the importance of proficient transition phase management to
sustain productivity and minimize milk losses. This involves opti-
mal pre-partum nutritional management, preventing excessively
high body condition scores and implementing vigilant practices for
early problem detection. Classifying Ontario dairy herds based on
average 305 DIM performance revealed lower ketosis (defined by
mBHB > 0.15 mmol/L) in primiparous cows in high-performance
herds, with the opposite observed in pluriparous cows (Tatone
et al., 2017). This implies that herd average milk yield serves as a
proxy for the level of herd management.

In conclusion, we found that mACE and mBHB from DHI pre-
dicted SCK prevalence differently than the F-to-P ratio. Using these
milk metabolites allows for early estimation of SCK risk during
DHI sampling, identifying potential issues in the early phase. In the
first days after calving (before 14 DIM), mACE can help to improve
the detection of SCK problems. The comparison of herd classifi-
cation for SCK based on the F-to-P ratio and the joint utilization
of mACE and mBHB reveals significant disparities. According to
the joint utilization of mACE and mBHB, larger herds exhibited
lower prevalence values, implying that a large herd size might
enable more effective nutritional management, such as grouping
cows according to their requirements. Furthermore, the use of
mACE and mBHB, rather than the F-to-P ratio, emerges as a more
reliable indicator for guiding nutritional strategies to enhance the
60 DIM performance of the herd and mitigate the risk of SCK.
Both findings advocate the use of DHI data for impactful advisory
actions.

Supplementary material. The supplementary material for this article can
be found at https://doi.org10.1017/50022029925000366.
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