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Simple Summary: The physiological changes during the peripartum, especially during the transition
period, generate metabolic and endocrine alterations that affect the health, reproductive efficiency
and productive potential of dairy cows in the tropical environment. In order to generate tools to study
the homeostatic dynamics, a proposal was developed to integrate metabolic, endocrine, productive
variables and changes in body condition into a single index. It has been demonstrated that some
indexes are valid and useful for knowing the hepatic activity of the postpartum gluconeogenic axis.

Abstract: The aim of this work was to develop a liver tissue function index during the transition period
of dairy cows managed in low-tropic conditions. In two farms, twenty crossbred and synthetic native
cows during the peripartum period were selected, and blood samples were taken on days −30 and −15
prepartum, the calving day, and 7, 20, 35, 50, 65, 80 and 105 days postpartum for serum metabolic tests.
On each measurement day, body condition scores (BCS) and parameters on nitrogen metabolism (total
protein—TP, albumin—ALB, globulin—GLOB, urea), adipose tissue metabolism (cholesterol—COL, non-
esterified fatty acids—NEFA) and two transaminases (alanine aminotransferase—ALT and aspartate
aminotransferase—AST) were evaluated. Data analysis included the Spearman correlation, principal
components, multiple linear regression and cluster analysis. Results showed that regarding the days
after calving and BCS, a liver tissue function index can be constructed using the TP, urea, COL, ALT
and NEFA. The estimated index generated three groupings, both by days after calving and BCS.
In the former, the index discriminated the metabolic behavior in the prepartum, parturition and
postpartum periods, while in the latter, the index discriminated between extreme (2.25, 2.50 and 4.25),
slightly low (2.75 and 3.0) and slightly high (3.25 to 4) conditions. The results allow us to conclude
that it is feasible to construct mathematical function indexes for liver function to monitor metabolic
changes during highly demanding productive phases in dairy cows under tropical conditions.

Keywords: bovine; hepatic function index; metabolism; transition period

1. Introduction

The multiple hepatic functions are fundamental for cow’s milk production [1], espe-
cially during the period between three weeks before and three after calving, also called
the transition period [2]. Among them, those related to energy metabolism and its effects
on the hepatic tissue response to carry out gluconeogenesis and synthesis of urea, insulin-
like growth factor type 1 (IGF1) [3], acute phase proteins associated with inflammatory
responses and other transport proteins also called negative proteins [4]. Likewise, the
hepatic effect on reproductive function [5] and postpartum ovarian reactivation [6], or
animal sanitary status [7], has also been studied. On the other hand, several metabolites
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have been proposed to analyze the main functions of hepatic synthesis [8,9]. In recent
years, biomarkers other than liver transaminases have been used to improve the accuracy
of diagnostic techniques [10].

Several studies have characterized the liver as an integrative organ that controls
several vital functions of energy and nitrogen metabolism, the oxidation of a wide metabo-
lites variety to regulate the energy supply and performs hepatic protein synthesis, as an
integrative mechanism of homeostasis and homeorhesis processes [1,11].

In ruminants, liver function presents special metabolic considerations, since volatile
fatty acids are generated from ruminal fermentation, which, when absorbed, constitute the
main oxidative and gluconeogenesis fuel (especially propionate). In these circumstances,
fermentable substrates alter energy intake and, in turn, fermentation modifies feed intake
patterns [12].

In high-producing dairy cows, metabolic alterations during the transition period
occur; in this way, a timely prediction of liver function in cows peripartum will help
in the prevention and treatment of pathologies, which usually affect profitability and
cause premature animal culling rate [13]. In their liver, aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and gamma-glutamyltransferase (GGT) enzymes show
high activity and are assayed for monitoring acute or chronic function or impairment.
Determination of AST and ALT in dairy cows is associated with hepatic steatosis, low
appetite and ketosis occurrence during early lactation. Increased serum AST activity is
a sensitive marker of liver damage in several species, but it is not absolutely valid in
ruminants, and for this reason, a comprehensive liver function test is preferred [10].

The construction of associative models as hepatic indexes has been sought in order to
predict the physiological state, potential or alteration of dairy cows’ productive ability [8,13,14].
Some authors proposed an index to quantify liver activity, in cases of possible inflammatory
processes; for this, total protein, albumin and bilirubin were employed in the search
for biomarkers that could relate to the liver status [15]. To comprehensively evaluate
the changes associated with the transition period, other indexes have been used with
relative success, or have been employed in behavioral evaluations during this productive
phase [16–18]. The major loss of homeostasis and metabolic alteration occurs during
the negative energy balance status (NEBAL), so this parameter has also been used in
serial evaluations [19,20]. Likewise, these indexes were used for cross-sectional studies in
situations of associated morbidity, such as ketosis, hypocalcemia and fatty liver [21,22].

Based on the evidence on health and production assessment tools, and as a contribution
to the exploration of metabolic disease monitoring strategies, the objective of this work was
to develop a liver tissue function index during the transition period of dairy cows managed
in low-tropic conditions.

2. Materials and Methods
2.1. Study Region

In this project, information from two farms under different management conditions
located in the low-tropic agroecological zones (Valle del Cauca, Colombia) was used. The
farms were located between 3′30 to 4′10 N and 76′21 to 76′46 W, ecologically corresponding
to a tropical dry forest zone according to Holdridge’s classification of life zones [23].

Farm 1 corresponded to a specialized dairy system with Gyr × Ayrshire and Gyrolando
crossbred animals, managed under rotational grazing, in pastures of star grass (Cynodon
mfluensis). Animals with more than three calvings and an average milk production of
15 L/day were used in the study.

Farm 2 corresponded to an intensive silvopastoral farm with a synthetic creole breed
(Holstein 40%, Shorthorn 30% and Hartón del Valle 30%) named Lucerna, grazing star
grass (Cynodon mfluensis) and leucaena (Leucaena leucocephala) forages. Animals with an
average milk production of 10 L/day and with more than three calvings were included in
the study. In both farms, water and salt were supplied ad libitum and balanced feed was



Animals 2024, 14, 2056 3 of 11

given according to milk production at a rate of one kilogram of supplement for four liters
of milk produced.

2.2. Animals and Sampling Scheme

The experiment was carried out under a randomized complete block design, consid-
ering the farm as a blocking factor. In each system, ten pluriparous cows close to calving
were randomly selected. The sample size corresponded to the minimum animal number
allowed for metabolic indicators studies [24]. On days −30 and −15 of prepartum, the
day of calving (0), and on days 7, 20, 35, 50, 65, 80 and 105 postpartum. Blood samples
were obtained by coccygeal venipuncture using vacuum silicone tubes and a multichannel
needle. The tubes were transported under refrigeration (4 ◦C) to the processing site within
35 to 75 min. The tubes were centrifuged at 1160 G for 15 min, and the serum was removed
and fractionated into aliquots that were frozen at −20 ◦C until analysis, which was per-
formed in duplicate. Acusera® control serum, Bovine Chemistry Assayed Level 2 (Randox,
Crumlin, Ireland), was used as an internal control. In serum, the following parameters were
determined using commercial reagents (Randox) for colorimetric enzymatic techniques:
non-esterified fatty acids (NEFA), cholesterol (COL), urea, total protein (TP), albumin
(ALB), globulins (GLOB), aspartate aminotransferase (AST) and alanine aminotransferase
(ALT). Analyses to determine metabolite and enzyme concentrations were performed by
colorimetric enzyme assays. Specific commercial reagents and a reading semi-automatic
analyzer (Rayto®, Shenzhen, China) were used. The analyzed metabolites were selected
with the intention of evaluating nitrogen metabolism (TP, ALB, GLOB, urea), adipose
tissue metabolism (COL and NEFA) and two transaminases—ALT and AST—indicative
of hepatocyte health status [8,21]. Urea allows us to evaluate the detoxifying synthesis of
nitrogenous compounds, while the negative energy balance, was indirectly reflected in the
NEFA concentration.

On each sampling day, the body condition score (BCS) was also evaluated by the
same person during the experiment, using the standard 1–5 scale, where 1 corresponded to
emaciated animals and 5 to obese animals [25].

2.3. Statistical Analysis

To construct the index, in the first phase, Spearman correlations among the eight
metabolic variables (PT, ALB, GLOB, urea, COL, NEFA, AST and ALT) were estimated,
with the aim of identifying highly associated variables (>0.80) and select some of them for
further analysis, avoiding multicollinearity. Afterwards, a principal component analysis
(PCA) with the standardized metabolic variables was performed, using sampling periods
(−30 prepartum to 105 postpartum) as classification criteria. The variables with the highest
weights (eigenvectors) in the first principal component (PC1) were selected to perform a
second PCA under the same conditions beforementioned. This procedure was carried out
with the intention of reducing the number of variables under study and selecting a linear
combination of variables that would explain the greatest proportion of the data variability.
Since PC1 of the second PCA explained a greater variation percentage in the data, the
adjusted values of this component in each animal were used as an index of liver function
(I-PC1). The behavior of the I-PC1 was related to the animals’ BCS and days after calving.

To facilitate the estimation of the I-PC1 index, a multiple linear regression equation
was adjusted, using the metabolic indicators that most contributed to the PC1 from the
second PCA as regressor variables, and the response variable was the I-PC1 index. To
identify the variables with the greatest predictive capacity of the index, the backward
variable elimination method was employed with a variable retention criterion of p < 0.05.
Additionally, to improve the fit of the estimated equation, quadratic trends of the response
variable (I-PC1) were analyzed with respect to each of the predictors, through the graphical
analysis of partial residuals. The fit capacity of the estimated equation was evaluated by
leave-one-out cross-validation, using the following parameters:
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RMSE
√

∑(xi−xp)2

n
MAE ∑|xi−xp|

n
R2 ∑(xi−xp)2

∑(xi−x)2

RMSE: root mean square error. MAE: mean absolute error. R2: coefficient of determination. xi:
observed value. xP: predicted value and n: number of observations. x: index mean value

The predicted index values (P-CP1) were grouped through hierarchical cluster analysis,
using days after calving and/or BCS as classification criteria. This was carried out with the
intention of identifying the days after calving and BCS where the index behaved similarly.
The ‘average linkage’ classification algorithm and Euclidean distance were used in the
analyses, and the number of clusters was determined according to the observed index
behavior, avoiding the formation of groups with a single sampling period (days after
calving) or BCS. Finally, descriptive statistics were estimated within each cluster to observe
the behavior of the index and the metabolites used in its construction.

Subsequently, the predicted P-PC1 index was compared with a theoretical index called
HEpINdex, obtained from a modification of the hepatic index [15]. For the construction
of the theoretical HEpINdex, the same metabolites used to construct the I-PC1 index
were used (TP, ALT, urea, NEFA and Col). Each metabolite data from each animal was
standardized using the respective average and general standard deviation obtained during
the ten sampling periods and, subsequently, the contribution of each metabolite was added
to estimate the final value of the theoretical HEpINdex. The relationship between both
indexes was analyzed by Spearman’s correlation coefficient (p < 0.05). Also, the P-PC1 and
the theoretical HEpINdex were grouped according to the previous clusters formed, and
statistical descriptive measures with respect to days after calving and BCS were estimated.
The analyses were performed with the Infostat software, version 2020 [26] and the model
cross-validation was conducted using RStudio version 4.3.1. [27] and the caret package.

3. Results

Spearman’s correlation analysis indicated that among the variables under study, only
TP and GLOB presented a high correlation (r = 0.89). To avoid multicollinearity, the TP
variable was selected for the following analyses, since, within the metabolic indicators
parameters, TP is considered an adequate general reference of nitrogen metabolism [28].
Thus, the first PCA was performed considering seven variables (TP, ALB, urea, COL, NEFA,
AST and ALT), and the results showed that PC1 explained 51% of data variability, with
metabolic variables like TP, urea, COL, NEFA and ALT presenting the highest weights. The
second PCA with the five aforementioned variables showed that PC1 went on to explain
71% of data variability, which implied a 20% increase in the explained variance. The biplot
of the first two principal components of the second PCA is shown in Figure 1.

It can be observed how PC1 groups the prepartum, calving and 20-day postpartum
periods, and separates them from the rest of the periods corresponding to days 35 to
105 postpartum. Considering that PC1 allows the separation of the evaluated periods
and explains the largest proportion of data variability, only this component and its linear
combination were used to construct the index I-PC1, which presented the following form:
I-PC1 = 0.38 * TP + 0.37 * urea + 0.52 * Col + 0.51 * ALT − 0.44 * NEFA. The behavior of the
I-PC1 index in relation to days after calving and BCS is shown in Figure 2.

Given that the estimation of the I-PC1 index from the linear combination obtained
with the PCA cannot be performed directly, since it is first necessary to standardize the
variables by the evaluated periods, implies that its estimation is not practical, which would
limit its use. Thus, to facilitate the construction of the index, a multiple linear regression
was adjusted to predict the I-PC1 from the most representative variables of the PCA (PT,
urea, COL, NEFA and ALT). The results showed that the I-PC1 index could be predicted
with the following regression equation: P-PC1= −7.03 + 0.02 * PT + 0.12 * urea + 2.32 *
COL − 0.17 * COL2 − 2.50 * NEFA (R2 = 0.82, RMSE = 0.76, MAE = 0.59). According to
the leave-one-out cross-validation analysis, the performance of the estimated regression
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model is consistent, as its predictive ability remained high and with a low error margin
(R2 = 0.80, RMSE = 0.79 and MAE = 0.60). The relationship between the I-PC1 obtained and
that predicted from the regression model (P-PC1) is shown in Figure 3.
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According to the cluster analysis, three groupings were enough to describe the behav-
ior of the P-PC1 index for both, days after calving and BCS (Table 1).

Figure 4 shows the comparison between the P-PC1 and the theoretical HEpINdex
index obtained by the modified version of the hepatic index [15] is shown in Figure 4. The
correlation between the indexes was 0.64 (p < 0.0001), a relatively high value, suggesting
that both indexes behaved similarly. To deepen the comparison between indexes, the
performance of both in the clusters previously formed days after calving and BCS is shown
in Table 2.
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Table 1. Average values of the P-PC1 index and the metabolites used in its construction on different
days after calving and body condition score.

Cluster Days after
Calving n Mean

Index
TP

g/dL
Urea

mmol/L
COL

mmol/L
NEFA

mmol/L
ALT
U/I

1 −30, −15
and 20 47 −0.56 74.78 ± 6.67 5.57 ± 1.55 3.3 ± 0.88 0.66 ± 0.26 23.15 ± 4.37

2 0 and 7 31 −2.38 69.3± 4.52 5.8± 1.38 2.45± 0.56 0.92± 0.29 19.7± 3.19

3 35 to 105 80 1.30 77.2± 6.67 6.47± 2.15 5.17± 1.23 0.56± 0.18 27.64± 8.04

Cluster BCS n Mean
index

TP
g/dL

Urea
mmol/L

COL
mmol/L

NEFA
mmol/L

ALT
U/I

1 2.25; 2.50
and 4.25 14 1.09 72.52 ± 4.26 6.53 ± 1.82 4.47 ± 0.86 0.48 ± 0.07 25.12 ± 4.87

2 2.75 and 3.0 89 0.40 76.19 ± 7.22 6.31 ± 2.16 4.45 ± 1.63 0.64 ± 0.25 25.23 ± 8.3

3 3.25; 3.50;
3.75 and 4.0 50 −1.04 73.06 ± 6.51 5.54 ± 1.04 3.17 ± 1.06 0.74 ± 0.3 23.71 ± 5.31

BCS: body condition score (scale of 1 to 5, where 1 corresponded to emaciated animals and 5 to obese animals).
TP: total protein. COL: cholesterol. NEFA: non-esterified fatty acids. ALT: alanine aminotransferase. Values
correspond to mean ± standard deviation.

Table 2. Average values of the P-PC1 and the theoretical HEpINdex in the constructed clusters by
days after calving and body condition score.

P-PC1 HEpINdex

Cluster Days after Calving Mean Min Max Mean Min Max

1 −30, −15 and 20 −0.56 −2.37 1.62 −1.03 −4.43 4.8
2 0 and 7 −2.38 −4.29 −0.74 −1.76 −5.62 2.3
3 35 to 105 1.3 −0.42 2.45 1.3 −3.42 7.06

Cluster BCS Mean Min Max Mean Min Max

1 2.25; 2.50 y 4.25 1.09 0.16 2.17 −0.47 −2.62 1.29
2 2.75 and 3.0 0.4 −4.29 2.45 0.53 −5.62 7.06
3 3.25; 3.50; 3.75 and 4.0 −1.04 −4.09 1.47 −0.98 −4.07 2.39

P-PC1: estimated index; HEpINdex: theoretical index; BCS: body condition score (scale of 1 to 5, where 1
corresponded to emaciated animals and 5 to obese animals). Min: minimum value. Max: maximum value.
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4. Discussion

The PCA analysis allowed us to identify groups of periods with similar behavior in
terms of NEFA, TP, ALT, COL and urea metabolites during the peripartum of dairy cows in
tropical environments. The prepartum, calving and first 20 days postpartum periods were
similar and characterized by high NEFA concentrations. NEFA shows lipid metabolism
resulting from loss of body condition score associated with lower energy intake due to low
dry matter intake [9]. These periods are separate from those found from 35 to 105 days
postpartum, which were characterized by higher Col, ALT, urea and TP concentrations.
From a biological point of view, this is an expected separation, since it defines a behavior
closely related to the physiological transition period, where homeostatic changes occur and
allow the stability of metabolic challenges [29].

The NEFA, TP, ALT, COL and urea metabolites allowed us to explain the largest pro-
portion of data variability and separate the transition period. The TP and urea are related
to nitrogen metabolism, while NEFA and COL are involved in energy lipid metabolism.
These two metabolic pathways are important in milk-producing animals, because of the
extractive demand for nutrients occurring in the mammary gland [1,30]. These metabo-
lites associated with liver function integrally incorporate diverse biochemical pathways
occurring in liver tissue, which, in turn, allow the indirect evaluation of possible metabolic
responses in animals and thus predict productive alterations, as has been proposed by
other authors [8,31,32]. Given the complex and diverse functions developed in the liver,
it is a constant challenge to find tools to assess function and predict productive behavior
beyond pathological situations. This difficulty relies on the fact that their accuracy and
reliability respond to clinical needs, which are different from those of possible productive
scenarios [33].

4.1. I-CP1 Index Performance

Figure 2 shows the I-PC1 index behavior with respect to the days after calving and the
BCS of the animals. Regarding the days after calving, the I-PC1 index presents a significant
decrease around calving and seven days postpartum, indicating that the homeostatic
maladjustment originated by calving and lactation affects the index values; in the same
sense, the index proposed by Batista et al. [34] is positive and distances itself from the
zero value, as the homeostatic and homeorhetic functions are regulated. This situation is
observed in the present work from the twenty days postpartum onwards and continues to
increase until it stabilizes after the fifty days postpartum when milk production has passed
its maximum production point.
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The behavior of the I-PC1 index with respect to BCS showed that the lowest values
are observed when BCS increases, and it becomes erratic in conditions above 4 (on the
1–5 scale). This could be due to the accumulation and metabolization of lipids, which
significantly alters the liver function efficiency. It is known that high BCS is associated with
metabolic alteration of fatty liver [14].

Although the I-PC1 index seems to present biological meaning with respect to the
transition period and BCS, its estimation was not easy, so it was necessary to build a mathe-
matical model that allowed a quick estimation. The relationship between the estimated
I-PC1 and predicted P-PC1 indexes is shown in Figure 3. The predicted and observed values
are similar among the different days after calving and BCS. The coefficient of determination
was high, indicating that 82% of the variation of I-PC1 is explained by the regression model.
In addition, the leave-one-out cross-validation analysis indicated that model performance
was consistent with a low error margin. These results suggest that the estimated model can
be used to predict the I-PC1 index acceptably, and also, could be useful in other production
scenarios with similar conditions to the present study, in order to estimate the index and
assess the liver function of dairy cows during the transition period.

In general, the predicted index (P-PC1) behaves as expected during the studied periods
and BCS. However, in the latter, an erratic behavior was observed with BCS equal to 4.25,
which can be attributed to the fact that animals in the peripartum and first phase of lactation
unusually exhibit body conditions higher than 3.5. In the data, BCS higher than 4.0 were
infrequent, which could affect the proper adjustment of the prediction algorithm.

4.2. Index Clustering and Performance

The cluster analysis formed three groups for both days after calving and BCS (Table 1). In
the case of days after calving, the first group consisted of the prepartum (−30 and −15 days)
and 20 days postpartum periods, with an average index value of −0.56; metabolite concen-
trations did not show significant changes in this grouping. The second group was formed
by the calving and seven days postpartum, with an average index value of −2.38. In this
group, a greater homeostatic maladjustment is evidenced, where high NEFA values indicate
a greater energy deficit, associated with negative energy balance (NEBAL), derived from
the beginning of milk synthesis [35]. The third group was made out of the periods from day
35 to 105 postpartum, with an average index value of 1.3. The NEFA concentration shows
that the NEBAL has been exceeded since the values in this group decreased. Likewise, the
urea concentration is raised, which normally occurs as dry matter intake increases in the
postpartum period [2].

The clustering conformed with respect to BCS indicated that the first group was
formed by extreme BCS (2.25, 2.50 and 4.25), with an average index value of 1.09. In the
second group, 2.75 and 3.0 BCS were grouped, with an average index of 0.40. Finally,
the third group included BCS between 3.25 to 4.0, with an average index value of −1.04
(Table 1). Compared with other proposals, the BCS found in the first group would indicate
homeostasis, which cannot be explained (index value positive) [34], since the BCS in the
first group normally presented the greatest oscillations between high and low BCS as a
consequence of metabolic and endocrine imbalances, with both situations determined
as undesirable from a physiological point of view and of the metabolic dynamics in the
peripartum [25].

The behavior of the P-CP1 index was also compared with a theoretical index called
HEpINdex, derived from the Bertoni and Trevisi proposal [15] (Figure 4). Both indexes
behaved similarly, reflecting an acceptable correlation coefficient of 0.64. The metabolites
analyzed also compared the behavior of both indexes in the three previously established
groupings obtained in the cluster analysis (Table 2). Among days after calving, the indexes
varied between −2.38 and 1.3 and −1.76 and 1.3 for P-CP1 and HEpINdex, respectively,
while, regarding BCS, the variation range is −1.04 to 1.09 and −098 to 0.53 for P-PC1 and
HEpINdex, correspondingly. It has been reported that values higher than zero, in the liver
function index, indicate a good hepatocyte function [21,34]. The metabolic concentrations
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found indicate that most of the samples correspond to a physiological liver function. Those
index values outside the range would be atypical values susceptible to be considered as
situations from homeorhetic difficulties affecting the productive function [29].

The performance of the P-PC1 and HEpIndex indexes, with respect to days after
calving, indicated that both indexes showed similar trends, with negative values in clusters
1 and 2, and positive values in cluster 3. However, in relation to the body condition score,
both indexes showed positive and negative values in clusters 2 and 3, respectively, which
indicates the physiological changes of postpartum. In cluster 1, the value signs were
different, influenced by the higher negative value of HEpINdex. The higher the negative
value, the greater the imbalance and therefore the lower the homeostatic response [34].

The results of the present study suggest that using complex indicators in the challeng-
ing physiological phases facilitates finding tools that allow corrective nutritional, metabolic
or other actions to respond to the productive challenges. Nevertheless, the profound physi-
ological changes during the transition period and the multiple environmental challenges
make the conceptual process a difficult task for modeling [8,15].

The basic construction of the P-PC1 index developed from the TP, urea, COL, NEFA
and ALT metabolites tended to present an atypical behavior in some BCS, with a less erratic
behavior with respect to the days after calving (Figure 4). The index changed according
to the BCS between pre- and postpartum, with low values at low BCS. The observed and
predicted behavior of the indexes followed a biologically meaningful dynamic, which, in a
practical sense, allows them to be used as a predictive strategy for homeostatic adjustment
behavior. In cluster three, which grouped days after calving from 35 to 105, the index
values were positive, while in the peripartum and first lactation phase, negative values
were observed, corresponding to the physiological phases with the greatest metabolic
challenge [31]. In addition, the basic theoretical HepINdex is useful as a screening indicator
of animal behavior in the herd and productive phase, as presented in other indexes [13,16].

Further research is required to validate the usefulness of the obtained indexes (P-PC1
and HEpINdex) under different productive contexts and with animals with different milk
production levels. This is required since it is not feasible to achieve a single indicator
to study liver function, some diagnostic tests are important in inflammatory or tissue
alterations [9] or predictive in productive aspects [22]. Therefore, it is necessary to employ
a combination of analytes and monitoring methods to analyze the performance of dairy
cows in the transition period [31,36].

5. Conclusions

The present work demonstrated the possibility of using mathematical tools in the
construction of indexes to estimate physiological functions from the individual response of
the animals, through the use of metabolites associated with liver function and the direct
monitoring of metabolic changes during the period transition in dairy cows in tropical
conditions.
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13. Mordak, R.; Kupczyński, R.; Kuczaj, M.; Niżański, W. Analysis of correlations between selected blood markers of liver function
and milk composition in cows during late lactation period. Ann. Anim. Sci. 2020, 20, 871–886. [CrossRef]

14. Arshad, U.; Santos, J.E.P. Hepatic triacylglycerol associations with production and health in dairy cows. J. Dairy Sci. 2022, 105,
5393–5409. [CrossRef] [PubMed]

15. Bertoni, G.; Trevisi, E. Use of the liver activity index and other metabolic variables in the assessment of metabolic health in dairy
herds. Vet. Clin. Food Anim. Pract. 2013, 29, 413–431. [CrossRef] [PubMed]

16. Nordlund, K. Transition cow index. In Proceedings of the 39th Proceedings American Association of Bovine Practitioners, St.
Paul, MN, USA, 20–24 September 2006; pp. 139–143.

17. Lukas, J.M.; Reneau, J.K.; Wallace, R.L.; De Vries, A. A study of methods for evaluating the success of the transition period in
early-lactation dairy cows. J. Dairy Sci. 2015, 98, 250–262. [CrossRef] [PubMed]

18. Soonberg, M.; Kass, M.; Kaart, T.; Barraclough, R.; Haskell, M.J.; Arney, D.R. Effect of grouping on behaviour of dairy heifers and
cows in the transition period. J. Dairy Res. 2021, 88, 45–51. [CrossRef] [PubMed]

19. Sammad, A.; Khan, M.Z.; Abbas, Z.; Hu, L.; Ullah, Q.; Wang, Y.; Wang, Y. Major nutritional metabolic alterations influencing the
reproductive system of postpartum dairy cows. Metabolites 2022, 12, 60. [CrossRef] [PubMed]

20. Gábor, G.; Balogh, O.G.; Kern, L.; Gábor, P.R.; Fébel, H. Nutrition. Metabolic Status and Reproductive Efficiency in Dairy Herds.
Open J. Anim. Sci. 2016, 6, 75–84. [CrossRef]

21. Batista, C.P.; Castro Ruiz, S.M.; Correa Cardona, H.J.; Gonçalves, R.S.; Valle, S.D.F.; Diaz Gonzalez, F.H. Relation between liver
lipid content and plasma biochemical indicators in dairy cows. Acta Sci. Vet. 2020, 48, 1–9. [CrossRef]

22. Paiano, R.B.; Birgel, D.B.; Bonilla, J.; Birgel Junior, E.H. Evaluation of biochemical profile of dairy cows with metabolic diseases in
tropical conditions. Reprod. Dom. Anim. 2020, 55, 1219–1228. [CrossRef] [PubMed]

23. Holdridge, L.R. Ecología Basada em Zonas de Vida; Instituto Interamericano de Cooperación para la Agricultura: San José de Costa
Rica, Costa Rica, 2000; p. 216.

24. Payne, J.M. The Compton metabolic profile test. Proc. R. Soc. Med. 1972, 64, 181–183. [CrossRef]
25. Roche, J.R.; Friggens, N.C.; Kay, J.K.; Fisher, M.W.; Stafford, K.J.; Berry, D.P. Invited review: Body condition score and its

association with dairy cow productivity, health, and welfare. J. Dairy Sci. 2009, 92, 5769–5801. [CrossRef] [PubMed]

https://doi.org/10.3168/jds.2019-18119
https://www.ncbi.nlm.nih.gov/pubmed/32505406
https://doi.org/10.15232/aas.2019-01929
https://doi.org/10.1017/S0022029921000078
https://www.ncbi.nlm.nih.gov/pubmed/33594968
https://doi.org/10.3168/jds.2020-18636
https://www.ncbi.nlm.nih.gov/pubmed/32828508
https://doi.org/10.1016/j.theriogenology.2021.08.002
https://www.ncbi.nlm.nih.gov/pubmed/34388624
https://doi.org/10.3168/jds.2018-14591
https://doi.org/10.3390/metabo12080733
https://www.ncbi.nlm.nih.gov/pubmed/36005606
https://doi.org/10.4142/jvs.2011.12.3.251
https://doi.org/10.1017/S1751731119003215
https://www.ncbi.nlm.nih.gov/pubmed/32024573
https://doi.org/10.2527/jas.2009-1779
https://www.ncbi.nlm.nih.gov/pubmed/19648500
https://doi.org/10.2478/aoas-2020-0020
https://doi.org/10.3168/jds.2021-21031
https://www.ncbi.nlm.nih.gov/pubmed/35379460
https://doi.org/10.1016/j.cvfa.2013.04.004
https://www.ncbi.nlm.nih.gov/pubmed/23809898
https://doi.org/10.3168/jds.2014-8522
https://www.ncbi.nlm.nih.gov/pubmed/25468696
https://doi.org/10.1017/S0022029921000066
https://www.ncbi.nlm.nih.gov/pubmed/33622438
https://doi.org/10.3390/metabo12010060
https://www.ncbi.nlm.nih.gov/pubmed/35050182
https://doi.org/10.4236/ojas.2016.61010
https://doi.org/10.22456/1679-9216.100806
https://doi.org/10.1111/rda.13768
https://www.ncbi.nlm.nih.gov/pubmed/32634252
https://doi.org/10.1017/S0263967X00000033
https://doi.org/10.3168/jds.2009-2431
https://www.ncbi.nlm.nih.gov/pubmed/19923585


Animals 2024, 14, 2056 11 of 11

26. Di Rienzo, J.A.; Casanoves, F.; Balzarini, M.G.; Gonzalez, L.A.; Tablada, E.M. InfoStat, Versión 2020. Universidad Nacional de
Córdoba, Argentina. 2024. Available online: http://www.infostat.com.ar/index.php?mod=page&id=34 (accessed on 3 June
2024).

27. R Core Team. R: A Language and Environment for Statistical Computing. 2020. Available online: https://www.R-project.org/
(accessed on 3 June 2024).
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30. Puppel, K.; Kuczyńska, B. Metabolic profiles of cow’s blood; a review. J. Sci. Food Agric. 2016, 96, 4321–4328. [CrossRef] [PubMed]
31. Sun, B.F.; Cao, Y.C.; Cai, C.J.; Chao, Y.U.; Li, S.X.; Yao, J.H. Temporal dynamics of nutrient balance, plasma biochemical and

immune traits, and liver function in transition dairy cows. J. Integr. Agric. 2020, 19, 820–837. [CrossRef]
32. García-Casillas, A.C.G.; Montiel-Ramos, L.A.M. Integración bioquímica para modelar las respuestas metabólicas en la producción

láctea de bovinos lecheros. Soc. Rural. Prod. Medio Ambiente 2014, 12, 71–194.
33. Gerspach, C.; Imhasly, S.; Gubler, M.; Naegeli, H.; Ruetten, M.; Laczkó, E. Altered plasma lipidome profile of dairy cows with

fatty liver disease. Res. Vet. Sci. 2017, 110, 47–59. [CrossRef]
34. Batista, C.P.; Gonçalves, R.S.; Contreras, L.V.Q.; de Faria Valle, S.; González, F. Correlation between liver lipidosis, body condition

score variation. and hepatic analytes in dairy cows. Braz. J. Vet. Med. 2022, 44, e005121. [CrossRef]
35. Mezzetti, M.; Cattaneo, L.; Passamonti, M.M.; Lopreiato, V.; Minuti, A.; Trevisi, E. The transition period updated: A review of the

new insights into the adaptation of dairy cows to the new lactation. Dairy 2021, 2, 617–636. [CrossRef]
36. Caixeta, L.S.; Omontese, B.O. Monitoring and improving the metabolic health of dairy cows during the transition period. Animals

2021, 11, 352. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://www.infostat.com.ar/index.php?mod=page&id=34
https://www.R-project.org/
https://doi.org/10.17221/99/2020-CJAS
https://doi.org/10.22456/1679-9216.92100
https://doi.org/10.1002/jsfa.7779
https://www.ncbi.nlm.nih.gov/pubmed/27129620
https://doi.org/10.1016/S2095-3119(20)63153-7
https://doi.org/10.1016/j.rvsc.2016.10.001
https://doi.org/10.29374/2527-2179.bjvm005121
https://doi.org/10.3390/dairy2040048
https://doi.org/10.3390/ani11020352
https://www.ncbi.nlm.nih.gov/pubmed/33572498

	Introduction 
	Materials and Methods 
	Study Region 
	Animals and Sampling Scheme 
	Statistical Analysis 

	Results 
	Discussion 
	I-CP1 Index Performance 
	Index Clustering and Performance 

	Conclusions 
	References

