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Abstract

Hyperketonemia (HYK), defined by blood beta-hydroxybutyrate (BHB) ≥ 1.2 mmol/L,
is described as a significant risk factor for cows developing postpartum (pp) diseases
and impaired reproductive performance. The goal of the present study was to observe
metabolic challenges in transition cows and to identify systemic markers reflecting HYK
associated with lessened reproductivity. Fifty-four Simmental cows were monitored, re-
vealing approximately 30% prevalence of HYK at the early pp period on 7, 14, or 28 days in
milk (DIM). We assessed the dry matter intake, rumination time (RT), serum liver activity
index, non-esterified fatty acids (NEFAs), acute phase proteins, and uterine and oviductal
health. Elevated NEFA and reduced RT 14 days antepartum were a good predictor for
HYK at 7 DIM. Hyperketonemia at 14 DIM resulted in higher milk yield compared with
controls. We could neither detect differences in uterine health nor in reproductive key
performance parameters between hyperketonemic and control cows, whereby the propor-
tion of polymorphonuclear neutrophils in oviductal epithelia was significantly lower in
hyperketonemic cows 14 DIM. We conclude that elevated concentrations of BHB in HYK 7,
14, or 28 DIM indicated energy supply to support physiological metabolic adaptations and
lactation and that, in the absence of excessive inflammation during the transition period,
HYK was not a risk factor for impaired fertility.

Keywords: transition period; beta-hydroxybutyrate; non-esterified fatty acids; acute phase
proteins; subclinical ketosis; immune activation

1. Introduction
The transition period of dairy cows from gestation to the onset of lactation is charac-

terized by adaptive physiological changes that support postpartum health, fertility, and
productivity [1]. In the early postpartum (pp) period, most dairy cows undergo a nega-
tive energy balance (NEB) reflected by elevated serum concentrations of non-esterified
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fatty acids (NEFAs) and beta-hydroxybutyrate (BHB) [2]. Hyperketonemia, also referred
to as subclinical ketosis (SCK), most frequently reflected by increased concentration of
circulating BHB without clinical signs of disease, may present a significant risk factor for
developing clinical ketosis, displaced abomasum, and reproductive sequelae [3–5]. The
definition of SCK and HYK is based on BHB concentrations exceeding 1.0 to 1.4 mmol/L,
depending on the study model [3,5,6]. Many studies reported that elevated concentrations
of BHB or NEFA in the first two weeks pp were associated with increased risk for metritis
or displaced abomasum [7,8], purulent vaginal discharge (PVD) or endometritis [9,10], not
having a detected estrus [11], reduced pregnancy per artificial insemination (AI) [12,13]
and culling [14].

Excessive NEB in the early pp period, reflected by elevated concentrations of NEFA
and BHB, increases the susceptibility to periparturient diseases, such as ketosis and fatty
liver [15]. Optimal liver function in dairy cows is crucial to cope with pp body fat mobiliza-
tion under NEB in the transition period and to support lactation and animal health. Proxies
of negative acute phase proteins (APPs), such as albumin (ALB), cholesterol (CHOL), and
vitamin A (VIT A), are hepatic protein products used as metabolic markers that reflect
the adaptations of cows. Reduced production of negative APPs and elevation of positive
APPs, e.g., haptoglobin (HP), serum amyloid A, and ceruloplasmin, are associated with
fatty liver and with a variety of metabolic and infectious sequelae [16–18]. Bertoni and
Treviso [19] used these metabolic markers to estimate liver activity and to evaluate the
inflammatory status of transition cows. Overall, transient effects on metabolism were
enhanced in antepartum (ap) overfed cows, leading to reduced VIT A levels pp [20]. Less
VIT A, in combination with lower CHOL concentration, results in less lipoprotein synthesis
and sequelae of liver lipidosis [21]. In addition, oversupply during a far-off period resulted
in higher liver lipid accumulation, lower liver activity index (LAI), and larger spike HP
concentration pp, while VIT A was lowered by a restricted close-up diet. Consequently,
high adiposity in the dry period tends to increase the incidence of SCK [22].

Excessive fat mobilization is associated with immunosuppression, indicated by a
decrease in polymorphonuclear neutrophil (PMN) activity [23,24], which increases the
cows’ susceptibility to uterine infections [25]. Thus, immunosuppression has a negative
impact on the endometrial environment, resulting in metritis, clinical endometritis (CE),
and lower reproductive performance [26,27]. In this context, endometritis was associated
with salpingitis and led to poorer fertility in cows [28].

There is an ongoing discussion in the literature about whether the immense metabolic
changes in transition cows impose a risk of disease or are adaptive to support health and
productivity [17]. The positive role of ketone bodies as an energy source for dairy cow
health and productivity is gaining in importance [29]. A recent review concluded that
normal metabolic adjustments, reflected by elevated NEFA and BHB, are associated with
immune activation, while these markers in combination with other unfavorable variables
(e.g., elevated concentration of HP, hypocalcemia, or pathogens) lead to dysregulated
immune function and contribute to subsequent negative outcomes [30]. Only a few studies
evaluated systemic markers of metabolic and inflammatory disorders comprehensively [12].

We designed an observational cohort study using a real-life set-up within a 75-cow
herd to assess whether HYK pp is a physiological adaptation or reflects maladapta-
tion to the metabolic challenges in transition dairy cows. We hypothesized that HYK
in the first 2 weeks pp is adaptive, whereas HYK occurring after the transition period,
28 DIM, imposes a risk for reduced fertility. We evaluated systemic markers, animal health
behavior, and level of production to identify metabolic maladaptation and to predict
reproductive outcome.
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2. Materials and Methods
This study was approved by the institutional ethics committee and the national au-

thority according to §8 of the Law for Animal Experiments, Tierversuchsgesetz-TVG
(BMWFW-68.205/0162-WF/V/3b/2017). The study was conducted at the research and
teaching farm Kremesberg (renamed VetFarm), University of Veterinary Medicine Vienna,
Austria, between June 2018 and December 2019. The year-round-calving dairy herd is in
Pottenstein, Lower Austria (47◦57′12.654′′ N 16◦6′56.023′′ E), and comprises 75 milking
Simmental cows, housed in a free-stall barn with straw-bedded cubicles. Cows were milked
twice a day, in the morning at 4:30 a.m. and in the evening at 4:30 p.m., in a 2 × 6 tandem
milking parlor. The annual average milk production per cow was 9247 and 8555 kg in 2018
and 2019, respectively. Sixty-seven cows in 1st to 4th parity were selected alternatively for
an individual feeding trial starting from approximately 42 days before expected calving
until 42 DIM. During the trial, cows were kept in a loose-housing system with deep straw
bedding and single feeding troughs (Hokofarm, Emmeloord, The Netherlands) equipped
with scales to measure the daily feed intake. Cows had access to the troughs via a collar
transponder (Compident Tiris, Schauer, Prambachkirchen, Austria). We excluded cows
with systemic clinical signs after calving (downer syndrome, clinical ketosis, or fever, such
as in acute puerperal metritis or clinical mastitis), dystocia, or Cesarean section from the
study, with the intention to only describe the effects of HYK/SCK on liver metabolism and
reproduction. Hyperketonemic cows eligible for this study did not receive any treatment,
e.g., oral propylene glycol.

A partial mixed ration was fed with an automatic feeding system (Trioliet, Oldenzaal,
The Netherlands) once a day for dry cows and lactating cows, respectively. The two rations
were either fed balanced according to the recommendations of the Bavarian Institute for
Agriculture [31] for Simmental cows through the entire study period (group BAL) or fed
ad libitum ap and restricted to 75% of energy requirements pp (group LIB/REST). The
two feeding regimes were part of another trial; the feeding details can be found in the
supplement (Table S1). In general, lactating cows in BAL that yielded > 25 kg/d milk
received concentrate via an individual feeding station. If the energy intake exceeded the
experimental targets, we restricted the feed supply to match the aimed 100% of nutrient
requirements in BAL or 75% in REST, respectively. In the context of the presented study,
we used the feeding regimes to increase the number of HYK cows. Additionally, daily
dry matter intake (DMI) was estimated by determining the dry matter content of the feed
components with a drying incubator (BD 53, Binder GmbH, Tüttlingen, Germany) once
a week. We used backfat thickness (BFT) measurement with ultrasound [32] to evaluate
the body condition of cows at the beginning of the trial (d 42 ap), at calving (d 0), and at
28 DIM. Rumination time was measured with an ear-tag sensor system (SmartBow GmbH,
Weibern, Austria) as described in detail by Reiter et al. [33].

We took capillary blood samples on d 14 ap and 7, 14, and 28 DIM from the vulva
skin to measure BHB concentrations with an on-site test (Freestyle Precision, Abbott, IL,
USA), described in detail by Kanz et al. [34]. Diagnosis of HYK was based on blood
BHB ≥ 1.2 mmol/L pp [3,11,35], while BHB < 1.2 mmol/L defined CON. We performed
BHB measurements at 7, 14, and 28 DIM to categorize them into HYK7, HYK14, HYK28,
and CON, respectively. In addition, we collected blood samples from the coccygeal vein
with VACUETTE tubes (Greiner bio-one, Kremsmünster, Austria) on d 14 ap, 7, 14, and
28 DIM. The tubes were centrifuged at 1800× g for 5 min at room temperature, serum was
pipetted into 2 mL Eppendorf tubes and stored until further analysis at –20◦ C. Then we sub-
mitted aliquots of serum to the Central Laboratory of the University of Veterinary Medicine,
Vienna, Austria, for evaluation of NEFA concentration at d 14 ap. Serum metabolites of
HP at 7 DIM, ALB, total protein (TP), and CHOL (all APPs, representing liver function),
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and VIT A (marker for oxidative stress) at d 14 ap, 14, and 28 DIM were analyzed in a com-
mercial laboratory (Laboklin GmbH & Co. KG, Bad Kissingen, Germany) by photometric
determination (Cobas 8000, Roche Holding GmbH, Ludwigsburg, Germany) and reverse
phase HPLC (Waters Chromatography Europe B.V., Etten-Leur, The Netherlands). We
calculated globulin as the difference between TP and ALB and used the LAI to determine
liver function as described elsewhere [19]. In brief, the mean and standard deviation of
serum ALB, CHOL, and VIT A concentrations were calculated to determine LAI on d 14 ap
and 14 and 28 DIM, reflecting the liver function of individual cows compared with the
average of all cows.

As one objective of the study was to assess the association between NEB and repro-
duction, we examined the uterus and the oviducts. Thus, we performed vaginoscopy on 7,
14, and 28 DIM. Vaginal mucus was scored according to Williams et al. [36] to diagnose CE
(score 0 = no CE; score 1 = mild, mucus containing flecks of pus; score 2 = moderate, <50%
mucopurulent; score 3 = severe CE, ≥50% purulent or sanguineous). In addition, we took
cytobrush samples from the endometrium [37] to identify subclinical endometritis (SE),
defined by a proportion of ≥5% PMN from 300 cells in total [38,39]. Cytological evaluation
of the smears was described in detail elsewhere [40].

To assess the effects of NEB on the oviduct, as a second crucial organ of reproduction,
we collected bilateral oviductal samples on 28 DIM by transvaginal endoscopy. For this, we
used a bi-tubular endoscopic system (50 cm length, Ø11 mm, Karl Storz, Vienna, Austria)
as described in detail by Besenfelder et al. [41]. We obtained oviductal epithelia samples
with a mini-cytobrush, stored them immediately at −80 ◦C, and analyzed them later, as
described by Neubrand et al. [42].

Reproductive performance and milk yield (average daily milk yield, total milk yield
at 305 DIM of the current lactation, milk fat content, and milk protein content) of groups
HYK and CON were analyzed based on milk record data, which are provided monthly
by the regional Dairy Herd Improvement Service (Landeskontrollverband NÖ, Zwettl,
Austria). Reproductive performance parameters comprised calving-to-first service interval,
submission rate, days open, pregnancy at 1st service, overall proportion of pregnant cows,
150-day in-calf rate, and conception risk (pregnancies by number of all services).

Statistical Analyses

Beta-hydroxybutyrate values from cows 7, 14, or 28 DIM were defined as independent
and identically distributed data, resulting in groups HYK7, HYK14, and HYK28 or CON,
respectively. Independence of HYK between the time points was evaluated with the Chi2

test and Cohen’s kappa statistics.
We calculated mean values and SD or, where appropriate, median and 25/75 per-

centiles for daily DMI, RT, and for serologic and reproductive parameters in groups HYK
and CON. Moreover, we assessed the proportion of PMN in endometrial (defining SE)
and oviductal epithelia by cytologic evaluation. We analyzed the data with SPSS software
version 29 (IBM SPSS Statistics, New York, NY, USA). Normally distributed data was
compared between groups with a t-test, while non-normally distributed data was analyzed
by the Mann–Whitney U test. To predict effects on HYK in fresh cows at 7, 14, or 28 DIM,
predictor variables, e.g., RT, metabolic and inflammatory variables, of dry-off and early
peripartum cows were analyzed by a binary logistic regression. The dependent variable
was BHB, resulting in a binary outcome of HYK or CON. We used only significantly differ-
ent means between HYK and CON as covariates in the multiple regression. Prevalence of
CE and SE was compared with a Chi2 test between HYK and CON. Reproductive data of
cows in the concurrent lactation were compared between groups: the hazard of 150-day
in-calf rate was determined with Kaplan–Meier survival analyses including categorical
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status variable pregnancy and factor BHB (HYK or CON) at the reference 7, 14, and 28 DIM.
We compared the proportion of culled cows between HYK and CON with the Chi2 test.
Significance was set at p ≤ 0.05. A trend was indicated by p > 0.05 and p ≤ 0.1.

3. Results
A total of 67 cows were assigned to the study at drying-off, with 54 cows being

monitored from approximately 42 days before parturition until 42 DIM and, thus, eligible
for the final analysis. The remaining 13 cows were excluded during the first DIM due
to the exclusion criteria: acute metritis (n = 8; 14.8%), clinical ketosis (n = 3; 5.6%), and,
during the dry-off period, because of rejection of the individual feeding system (n = 2;
3.7%). The feed composition with nutritional content of energy and digestible protein
is documented in the supplements (Table S1). Concentrations of metabolic biomarkers
are summarized in Table S2. Distribution of cows in HYK7 and HYK14 was different
and indicated no agreement (p = 0.035; κ = −0.46), revealing that occurrence of HYK was
independent between the testing days.

3.1. Monitoring of Beta-Hydroxybutyrate at Day 7 pp (HYK7)

Cows in HYK14 (n = 16; prevalence 29.6%) had a mean BHB concentration of
1.5 mmol/L and showed a median BHB of 1.2 at 7 DIM and 1.4 mmol/L at 28 DIM,
respectively. Antepartum NEFA concentrations were lower (p ≤ 0.05), and RT showed a
tendency to be greater at 7 and 28 DIM in HYK14 compared with CON (Table 1). Hyperke-
tonemia at 14 DIM was not predicted by any factors (e.g., NEFA ap, RT) in the regression
model. Relating to liver activity, HYK14 had lower serum TP at 28 DIM (OR 0.83; p = 0.04)
and partly lower LAI relative to CON (Table S2, Figure 1). Furthermore, HYK14 yielded
more milk at the first test day (39.1 kg vs. 31.9 kg; p = 0.03) and in the current lactation
(10,220 kg; OR 1.001; p = 0.03) and had less milk fat compared with CON (Table 2).

Table 1. Mean or median (SD or 25/75 percentile) serum concentration of non-esterified fatty acids
(NEFAs), beta-hydroxybutyrate (BHB), and haptoglobin (HP), dry matter intake (DMI), rumination
time (RT), and back fat thickness (BFT) at days 14 antepartum (ap), 0 (calving), 7, and 28 postpartum
(pp) of hyperketonemic (HYK, n = 16) and control (CON, n = 38) cows at day 7 pp.

Sampling Days

Day 14 ap Day 7 ap Day 0 Day 7 Day 14 Day 28
1 Status
at Day
7 pp

CON HYK CON HYK CON HYK CON HYK CON HYK CON HYK

NEFA
(mmol/L)

0.13 a

(0.08/0.19)
0.2 b

(0.13/0.32)

BHB
(mmol/L)

0.3
(0.3/0.6)

0.3
(0.3/0.4)

0.7 a

(0.6/0.8)
2.0 b

(1.3/2.8)
0.8

(0.6/1.1) 0.9(0.7/1.6) 0.9
(0.6/1.3)

1.0
(0.6/1.9)

HP [g/L] 0.2
(0.1/0.3)

0.2
(0.1/0.7)

DMI
(kg/d) 13.9 (2.7) 12.7 (2.5) 12.8 (3.5) 11.5 (2.6) 9.6 (4.5) 10.0 (4.2) 17.4 (4.8) 17.3 (4.1) 18.8 (2.9) 16.8 (4.2) 17.1 (3.1) 17.8 (3.6)

RT
(Min./d)

544 a

(504/595)
505 b

(417/542) 525 a (72) 493 b (75) 345 a (99) 367 b

(159) 610 (95) 660 (65) 626
(548/684)

610
(589/647) 614 (94) 671 (55)

BFT
(mm)

* 14.5
(11.2/17.0)

* 16.5
(12.0/20.7)

16.0
(14.2/20.0)

16.5
(12.0/20.7)

12.0
(11.0/15.0)

12.0
(11.0/14.0)

* Measurement at day 42 ap. 1 Status: Group (HYK, CON) according to the BHB measurement at day 7.
a,b Mean/median values in paired rows with different superscripts differ (p ≤ 0.05). Analyses based on the
Mann–Whitney U test.

https://doi.org/10.3390/dairy7010002

https://doi.org/10.3390/dairy7010002


Dairy 2026, 7, 2 6 of 15

 

Figure 1. Mean/standard error of liver activity index (LAI) at day (d) 14 antepartum (ap) (LAI
d14 ap), d 14 postpartum (pp) (LAI d14 pp), and d28 pp (LAI d28 pp). Comparison between cows
identified with hyperketonemia (HYK: left bars) or controls (CON: right bars) at sampling days: d7
(blue bars), d14 (orange bars), and d28 (gray bars).

Table 2. Proportion of clinical endometritis (CE), subclinical endometritis (SE), and median (25/75
percentile) inflammatory cells [PMN %] in the endometrium and oviduct at sampling days 7, 14, and
28 postpartum (pp) of hyperketonemic (HYK7, 14, 28) and control (CON) cows. Key performance
indicators of fertility and production data (median and 25/75 percentile of milk yield and milk
components) in hyperketonemic (HYK7, 14, 28) and control cows (CON).

Status 1 CON HYK7 CON HYK14 CON HYK28

CE (%) d7 44.7 61.5
CE (%) d14 50.0 46.7 53.8 60.0
CE (%) d28 44.1 58.8 56.8 52.9 24.3 c 5.9 d

SE (%) d7 51.7 41.7
SE (%) d14 44.4 57.1 61.1 64.3
SE (%) d28 53.6 38.5 65.7 53.3 28.6 40.0

Endometrium [PMN%] d7 7.7 (0.2/35.7) 2.3 (0.3/25.3)
Endometrium [PMN%] d14 11.0 (1.0/33.0) 10.3 (2.7/57.7) 9.5 (1.2/37.5) 11.3 (1.2/37.3)
Endometrium [PMN%] d28 1.0 (0.0/9.4) 1.0 (0.0/10.9) 1.2 (0.0/9.4) 8.3 (0.0/10.9) 1.0 (0.0/7.7) 1.7 (0.3/10.0)

Oviduct [PMN%] d28 0.4 (0.0/1.0) 0.2 (0.0/0.9) 0.4 a (0.1/1.0) 0.0 b (0.0/0.35) 0.4 c(0.2/1.0) 0.0 d(0.0/0.7)

Median IC1AI (Min/Max) 64(58/77) 66(54/84) 62 a (55/71) 78 b (63/95) 64(5876) 65 (49/86)
SR (%) 37.9 35.7 44.8 21.4 37.9 35.7

Median DO (Min/Max) 103 (85/129) 120 (91/183) 107 (82/153) 110 (87/160) 108 (82/127) 124 (87/177)

Overall preg (%) 67.6 81.3 64.9 87.5 69.4 76.5
PR/1st AI (%) 24.1 26.7 13.8 a 46.7 b 27.6 20.0

150-day in-calf rate (%) 69.0 53.3 62.1 66.7 69.0 53.3
CR (%) 26.9 25.0 32.1 35.9 22.9 31.9

Culling (%) 32.4 18.8 35.1 c 12.5 d 30.6 23.5

Milk fat [%] 4.2 (3.8/4.7) 4.5 (3.8/6.0) 4.5 a (3.8/4.9) 3.9 b (3.5/4.3) 4.4 a (3.92/4.85) 3.8 b (3.3/4.66)
Milk protein [%] 3.2 (3.0/3.4) 3.2 (2.8/3.4) 3.2 (3.0/3.4) 3.2 (2.8/3.4) 3.2 (3.0/3.4) 3.1 (2.9/3.3)

Milk yield [kg/d] 33.4 (27.7/40.7) 32.8 (26.0/39.1) 31.9 a

(27.2/39.4)
39.1 b

(28.3/42.3)
33.0 (27.2/39.7) 38.2 (27.9/42.0)

Milk yield [kg/305-d] 9314
(8510/10,035)

9707
(8969/10,546)

9216 a

(8345/9600)
10,220 b

(9681/10,511)
9408

(8689/10,156)
9505

(8206/10,395)

1 Status: Group (HYK, CON) according to the BHB measurement at indicated sampling day. a,b Median values
in paired rows with different superscripts differ (p ≤ 0.05). c,d Median values in paired rows with different
superscripts differ (p = 0.1). IC1AI = Interval calving-to-first artificial insemination (AI). SR = Submission
rate: Proportion of cows serviced within 40 to 60 days (20 days after the end of the voluntary waiting period).
DO = Days open. Overall preg = Pregnancy rate by total number of cows. PR/1st AI = Pregnancy rate at 1st AI.
CR = Conception risk: Pregnancy rate by total number of AI in herd.

https://doi.org/10.3390/dairy7010002

https://doi.org/10.3390/dairy7010002


Dairy 2026, 7, 2 7 of 15

3.2. Monitoring of Beta-Hydroxybutyrate at Day 14 pp (HYK14)

Cows in HYK14 (n = 16; prevalence 29.6%) had a mean BHB concentration of
1.5 mmol/L and showed a median BHB of 1.2 at 7 DIM and 1.4 mmol/L at 28 DIM,
respectively. Antepartum NEFA concentrations were lower (p ≤ 0.05), and RT showed a
tendency to be greater at 7 and 28 DIM in HYK14 compared with CON (Table 3). Hyperke-
tonemia at 14 DIM was not predicted by any factors (e.g., NEFA ap, RT) in the regression
model. Relating to liver activity, HYK14 had lower serum TP at 28 DIM (OR 0.83; p = 0.04)
and partly lower LAI relative to CON (Table S2, Figure 1). Furthermore, HYK14 yielded
more milk at the first test day (39.1 kg vs. 31.9 kg; p = 0.03) and in the current lactation
(10,220 kg; OR 1.001; p = 0.03) and had less milk fat compared with CON (Table 2).

Table 3. Mean or median (SD or 25/75 percentile) serum concentration of non-esterified fatty acids
(NEFAs), beta-hydroxybutyrate (BHB), and haptoglobin (HP), dry matter intake (DMI), rumination
time (RT), and back fat thickness (BFT) at days 14 antepartum (ap), 0 (calving), 7, and 28 postpartum
(pp) of hyperketonemic (HYK, n = 16) and control (CON, n = 38) cows at day 14 pp.

Sampling Days

Day 14 ap Day 7 ap Day 0 Day 7 Day 14 Day 28
1 Status
at Day
14 pp

CON HYK CON HYK CON HYK CON HYK CON HYK CON HYK

NEFA
(mmol/L)

0.1 a

(0.1/0.2)
0.2 b

(0.1/0.3)

BHB
(mmol/L)

0.3
(0.3/0.4)

0.3
(0.3/0.6)

0.7 a

(0.6/1.0)
1.2 b

(0.8/2.5)
0.7 a

(0.5/0.8)
1.5 b

(1.2/2.10)
0.8 a

(0.5/1.1)
1.4 b

(0.9/2.8)

HP [g/L] 0.2
(0.1/0.6)

0.2
(0.1/0.2)

DMI
(kg/d) 13.8 (2.3) 12.8 (2.5) 12.8 (3.5) 11.5 (2.6) 9.6 (4.5) 10.3 (4.2) 17.4 (4.8) 17.3 (4.1) 18.8 c

(2.9)
16.8 d

(4.2) 17.1 (3.1) 17.9 (4.5)

RT
(Min./d)

534
(469/589)

515
(500/549) 525 (72) 419 (75) 351 (104) 353 (155) 610 c (94) 663 d (67) 618

(555/674)
610

(482/669) 616 c (93) 670 d (57)

BFT
(mm)

* 15.0
(11.2/18.0)

* 14.0
(10.5/18.8)

16.0
(14.0/20.0)

15.5
(12.8/22.0)

12.0
(10.8/14.2)

14.0
(11.0/15.5)

* Measurement at day 42 ap. 1 Status: Group (HYK, CON) according to the BHB measurement at day 14.
a,b Mean/median values in paired rows with different superscripts differ (p ≤ 0.05). c,d Mean/median values in
paired rows with different superscripts differ (p = 0.06). Analyses based on the Mann–Whitney U test.

3.3. Monitoring of Beta-Hydroxybutyrate at Day 28 pp (HYK28)

Cows identified with HYK at the end of the peripartum period on 28 DIM (HYK28;
n = 17; prevalence 31.5%) had a greater median BHB of 1.9 mmol/L relative to CON
(p ≤ 0.05, median BHB 0.7, n = 37). Excessive NEB was also evident at 7 and 14 DIM,
reflected by elevated BHB (p ≤ 0.05) and NEFA d 14 ap (p = 0.09) compared with CON.
Cows in HYK28 had higher RT 14d ap (p ≤ 0.05) and lower BFT (p = 0.06) in the far dry-off
period compared with CON (Table 4). Although average milk yield at 28 DIM and at the
end of the current lactation were not different, HYK28 had lower milk fat % (p ≤ 0.05,
Table 2). In the regression model, the odds of lower milk fat % for HYK28 were 1.17 times
greater compared with CON (p = 0.05). Neither the variables of liver function nor of
inflammation (i.e., HP) showed any significant difference between the groups (Table 4).
The LAI in HYK28, however, remained negative over the sampling period, while it was
consistently positive in CON (Figure 1, Table S2).
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Table 4. Mean or median (SD or 25/75 percentile) serum concentration of non-esterified fatty acids
(NEFAs), beta-hydroxybutyrate (BHB), and haptoglobin (HP), dry matter intake (DMI), rumination
time (RT), and back fat thickness (BFT) at days 14 antepartum (ap), 0 (calving), 7, and 28 postpartum
(pp) of hyperketonemic (HYK, n = 17) and control (CON, n = 37) cows at day 28 pp.

Sampling Days

Day 14 ap Day 7 ap Day 0 Day 7 Day 14 Day 28
1 Status
at Day
28 pp

CON HYK CON HYK CON HYK CON HYK CON HYK CON HYK

NEFA
(mmol/L)

0.1 c

(0.1/0.2)
0.2 d

(0.1/0.3)

BHB
(mmol/L)

0.3
(0.3/0.4)

0.3
(0.4/0.7)

0.7 a

(0.6/1.1)
1.1 b

(0.7/2.2)
0.7 a

(0.55/0.9)
1.2 b

(0.85/1.8)
0.7 a

(0.5/0.9)
1.9 b

(1.4/3.0)

HP [g/L] 0.2
(0.1/0.6)

0.2
(0.1/0.4)

DMI
(kg/d)

14.0 e

(2.39)
12.6 f

(2.22) 12.9 (3.4) 11.1 (2.5) 10.0 (4.4) 8.4 (4.5) 17.3 (4.9) 17.5 (3.6) 18.3 (3.4) 18.2 (3.6) 17.4 (3.4) 17.3 (3.0)

RT
(Min./d)

* 573 a

(509/611)
* 646 b

(600/676) 515 (70) 517 (82) 347 (119) 361 (122) 612 (93) 653 (77) 604
(544/668)

643
(587/674) 620 (91) 656 (77)

BFT
(mm)

15.0 e

(12.2/18.0)
12.0 f

(10.0/18.2)
16.0

(14.2/20.0)
16.5

(12.0/20.7)
12.0

(11.0/15.0)
12.0

(11.0/14.0)

* Measurement at day 42 ap. 1 Status: Group (HYK, CON) according to the BHB measurement at day 28.
a,b Mean/median values in rows with different superscripts differ significantly (p ≤ 0.05). c,d Mean/median
values in rows with different superscripts differ (p = 0.09). e,f Mean/median values in rows with different
superscripts differ (p = 0.06). Analyses based on the Mann–Whitney U test.

3.4. Reproductive Health and Performance of HYK7, HYK14, and HYK28

To evaluate the potential impact of HYK on reproduction, we investigated the uterus
and the oviduct by vaginoscopy and endoscopy, respectively, and performed cytological
assessments at 7, 14, and 28 DIM. Cows in HYK7 were associated with a higher proportion
of CE at 7 DIM compared with CON (61.5 vs. 44.7%); however, the prevalence of CE
was not different between HYK and CON at 14 and 28 DIM, respectively. We found a
similar pattern in HYK14, whereas HYK28 showed a lower proportion compared with
CON (5.9 vs. 24.3% in HYK28 vs. CON; p = 0.1). Hyperketonemia had only a minor effect
on the presence of SE, showing a greater number of SE at 28 DIM relative to CON (40.0 vs.
28.6% in HYK28 vs. CON) (Table 2). Overall, neither the prevalence of CE nor of SE was
different between CON and HYK at all sampling days (7, 14, and 28 DIM; p > 0.05). The
proportion of PMN in the oviduct was overall numerically lower in HYK at all sampling
days, particularly lower in HYK14 (p ≤ 0.05), and showed a trend to lower numbers at
28 DIM (p = 0.1) compared with CON (Table 2). Reproductive performance parameters
showed numerical differences between CON and HYK7, HYK14, and HYK28, respectively
(Table 2). Overall, no significant differences in reproduction and risk for culling were
found between CON and HYK7 as well as HYK28. Cows in HYK14 showed a longer
calving-to-first service interval (78 vs. 62 days, HYK14 vs. CON, p ≤ 0.05), and a lower
proportion were serviced after the end of the voluntary waiting period (submission rate
within 40–60 days of 21.4 vs. 44.8%, HYK 14 vs. CON). On the contrary, HYK14 had a
greater 150-day in-calf rate (46.7 vs. 13.8%, p ≤ 0.05) and a greater overall proportion
of pregnancy relative to CON. According to Kaplan–Meier analysis (150-day survival
time), HYK14 showed a trend towards fewer median days open compared with CON
(111.4 vs. 126.6; p = 0.1), while we found no differences between CON and HYK7 or HYK28,
respectively. Moreover, the risk for culling was lower in HYK14 compared to CON (12.5 vs.
35.1%; p = 0.1). Hyperketonemia at 28 DIM, closer to the starting point of breeding, had
no effects on reproduction, as submission rate, overall proportion of cows pregnant, and
conception risk were greater compared to CON. Moreover, HYK28 had a lower culling risk
relative to CON (Table 2).
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4. Discussion
The goal of this study was to observe metabolic changes in early pp hyperketone-

mic cows and to identify systemic metabolic and inflammatory biomarkers and then to
compare the production and reproductive outcome of the cohort with controls. In many
field trials, concentrations of BHB or NEFA in dairy cows were measured within the first
14 DIM, and hyperketonemia has been associated with peripartum diseases and impaired
reproduction [8,10,12]. In this context, criticism was expressed that studies often did not
evaluate systemic markers of metabolic and inflammatory disorders comprehensively [12].
In the last decade, elevated concentrations of ketone bodies have been identified as markers
of physiological immune activation. During metabolic maladaptation, however, a dysregu-
lated immune function led to unfavorable metabolic and reproductive outcomes [17,30].
We conducted the present study to achieve a model herd in a real-life medium-scaled dairy
farm with approximately 30% HYK prevalence, which is close to the reported 28.9% in
early lactation [35].

Elevated concentrations of NEFA before parturition indicate NEB [2] and were associ-
ated with metabolic and reproductive tract diseases, e.g., clinical ketosis and metritis [43,44].
As we excluded clinical diseases from our analyses, we cannot draw any conclusion regard-
ing this relationship. Ospina et al. [45] reported a critical NEFA concentration threshold
of >0.29 mmol/L ap, which was associated with diseases. In our results, median NEFA
concentrations of HYK14 and HYK28 reached 0.2 mmol/L, and the previously mentioned
threshold of 0.29 mmol/L was only exceeded in the third quartile of the values at all sam-
pling days. The regression model, however, indicated NEFA 14 d ap as a strong predictor
for HYK7. We interpret this finding with caution, as the factor NEFA was attenuated in the
multiple regression by other covariates, e.g., RT and body condition. The high odds for
HYK at 7 DIM (OR 1455) are likely due to the low range of NEFA values, combined with a
limited number of cases, and are hardly comparable with the reported relative risk of 1.8
by Ospina et al. [45]. Furthermore, BHB ap was not a suitable marker for HYK pp in our
study, which we explain by the fact that acetoacetate and BHB are in equilibrium ap, while
the ketone body production pp shifts further towards BHB production [46]. Transition
cows in excessive NEB are at risk for metabolic disorders, which were associated with
pp BHB cut-offs of ≥1.0 mmol/L in a large-scale study [45]. Other authors considered
cut-off values from 1.0 to 1.4 mmol/L to determine SCK [5,6]. We used the hand-held
meter validated by Kanz et al. [34], where the cut-off ≥ 1.2 mmol/L fitted best to perform
BHB measurements accurately. Most studies evaluated BHB in Holstein dairy herds [6,34];
thus, recommended BHB cut-offs may not be appropriate for generally lower-yielding Sim-
mental cows. In our study, Simmental dairy cows yielded 9200 to 10,200 kg in the current
lactation, which was comparable to the reported 9200 kg average milk yield of Holstein
cows by Kanz et al. [34]. Lower RT 7 d ap was a significant predictor for HYK at 7 DIM in
our study. This observation is of interest because ap RT showed high heterogeneity and
was not an adequate predictor of SCK in a meta-analysis [47]. Evaluation of RT before
calving, however, is beneficial because lower RT up to five days ap was associated with the
occurrence of diseases pp [48].

During NEB, cows mobilize NEFA from fat reserves to adapt to the energetic re-
quirements of lactogenesis, which is associated with changes in body condition and lower
LAI [22]. The authors found poorer liver function, indicated by lower LAI, in ap over- and
restricted-fed cows compared with balanced-fed (BAL: 100%) ones. In addition, obesity in
the dry period tended to increase SCK incidence. These findings are partially consistent
with our results because LAI d 14 ap and 28 DIM were consistently negative and lower in
HYK7, HYK14, and HYK28 compared to CON, indicating poorer liver function in hyperke-
tonemic cows. Occurrence of HYK and metabolic changes, however, were independent
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of body condition and its changes during dry-off and the transition period in our study.
We found changes in biomarkers of liver activity indicated by significantly lower and a
trend to lower TP in HYK14 and HYK28, respectively. Total protein is the sum of ALB (a
negative APP) and globulin (a proxy of inflammation), which are negatively associated
with fatty liver, and the former is significantly associated with impaired liver function [49].
Our outcomes need closer scrutiny because decreased TP in HYK was only relative to
CON, and concentrations of ALB were consistently within physiological range (30–40 g/L,
reference from Laboklin GmbH) in both groups. Other negative APPs, like CHOL and VIT
A, are reduced in metabolically challenged cows, indicating risk for liver lipidosis [21] and
indicating the importance of plane nutrition in transition cows [22]. In our study, we could
not demonstrate significant alterations in liver biomarkers even though the feeding strategy
resulted in approximately 30% prevalence of SCK. We assume that elevated concentrations
of NEFA and BHB in transition cows of our study reflect the physiological metabolic adap-
tation, which is well summarized in the review by Horst et al. (2021) [17]. This assumption
is supported by the low median HP concentrations at 7 DIM in our study. Moreover,
HP exceeded the cut-off > 0.35 g/L only in the third quartile of values in both CON and
HYK. Furthermore, elevated serum NEFA concentrations ap and elevated HP 7 DIM were
significant risk factors for endometritis [50]. The interpretation of HP concentration in
the week after calving, however, is under debate, because HP in this period showed poor
sensitivity in determining diseases [51]. On the contrary, HP concentration > 1.6 g/L was
an early indicator for metritis [52]. We measured HP at 7 DIM because Janovick et al. [22]
found a peak concentration at this time point in restricted-fed cows corresponding to our
feeding regime of LIB/REST.

The association between NEB, lipomobilization, and immunosuppression [24,25]
and an increased susceptibility to uterine infections has often been described [25,53]. In
the present study, we found no higher prevalence of CE and SE, as well as no poorer
reproductive outcome in HYK in early lactation. It can be speculated that this was due to
the small number of cases or because HYK was not promotive for uterine diseases. Anyway,
the effects of BHB in ketonic cows on PMN functions are not consistent [54,55]. Activation
of the immune system utilizes glucose stores and induces hypophagia, reflected by an
extensive increase in NEFA and ketones [17]. To evaluate this association, we monitored
DMI and evaluated concentrations of HP, but we did not perform measurements of glucose
or glycogen. Migration of PMN into the uterus is necessary for bacterial clearance in
cows after calving, but there is evidence that an excessive pro-inflammatory state early
pp is a key factor for developing endometritis later [56,57]. This condition of exaggerated
inflammation in fresh cows is linked with greater serum HP concentrations and has been
reported in cows with SE and in cows with PVD [58]. This is in coincidence with the
results of other authors reporting that higher HP and lower negative APPs in metabolically
challenged cows are associated with excessive inflammation and fatty liver [16,18].

We were also interested in the inflammatory status of the oviductal epithelium, as
there is evidence that inflammatory cells present in the oviduct may be sequelae of uterine
infections [28]. Based on our results, this association was not reproducible, as the abundance
of PMN in the oviducts was minimal and even zero in HYK14 and HYK28. The latter
observation might be due to an impaired immune function in HYK because PMN seem to
be involved in physiological conditions, as shown in the oviduct of naïve heifers [42]. Our
conclusion, however, warrants closer scrutiny with a larger number of cases.

In the present study, we followed up the cows until the end of the current lactation
to record reproductive performance and milk production. Several authors have shown
that a compromised immune system in cows has a negative impact on reproductive perfor-
mance [26,27,59]. The interpretation of fertility parameters, however, is difficult because
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reproductive performance is dependent on several factors, e.g., management (estrous
detection, husbandry), nutrition, or diseases. In our study, reproductive performance
parameters did not show any significant differences between HYK and CON except for
HYK14, which showed a greater pregnancy rate at 1st service (p ≤ 0.05). This result seems
contradictory, as nonketotic cows were 1.6 times more likely to conceive than diseased
counterparts [60], whereas others found no association between hyperketonemia in the
second week of lactation and poorer reproductive outcome [61]. In our study, however,
HYK14 showed longer calving-to-first service intervals (p ≤ 0.05) and considerably lower
submission rates than CON, which may reflect the sequelae of excessive lipomobilization
and management decisions to inseminate hyperketonemic cows later in lactation. In addi-
tion, HYK14 yielded significantly more milk at the first milk record day as well as in the
current lactation compared with CON. During NEB, cows use NEFA and ketones as an
energy source, which can be utilized by the mammary gland to enhance milk yield [11,62]
but were also associated with lower milk fat and a higher risk for removal from the herd [3].
Likewise, with our study, we observed significant milk fat depression in HYK14 and HYK28
compared with CON. We assume that elevated BHB concentrations negatively impacted
de novo synthesis of milk fat, because lipolysis of fat depots reduces short-chain fatty acids
(C4-14) necessary for milk fat production in the udder [63,64]. Milk yield often influences
culling decisions on dairy farms, where high production is positively associated with sur-
vival, while underperforming cows are more likely to be removed from the herd [65]. This
may explain the result of the present study, in which hyperketonemic cows with higher
milk yield were less likely to be removed from the herd, but also underlines the role of
ketone bodies as an important energy source, recently reviewed in detail [29]. Nevertheless,
the main limitation of this study is the limited sample size, as the results only reflect the
metabolic changes in transition cows in a single medium-sized herd.

5. Conclusions
In our study, markers of inflammation and oxidative stress were not elevated, which

provides evidence that transition cows with HYK experienced physiological immune acti-
vation postpartum and adapted well to the metabolic challenges. Hyperketonemia 14 DIM
was associated with higher milk yield, which underlines the role of NEFA and ketone
bodies as energy sources to support the lactation of cows in NEB. Moreover, we found
no clear effect of HYK at 28 DIM on uterine and oviductal health and on reproductive
performance in the cohort. The results reflect the metabolic changes in transition cows with
medium milk yield in a limited sample size, which is not representative of high-yielding
dairy herds. Monitoring of HYK is part of good herd health management; however, in ad-
dition, optimal calving management must be implemented to avoid dystocia, hypophagia,
and consequently enhanced inflammation.
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