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ABSTRACT

Calcium homeostatic mechanisms are challenged in 
periparturient multiparous dairy cattle due to the rapid 
transport of large amounts of calcium into the mam-
mary gland associated with colostrogenesis, resulting 
in decreased plasma total calcium concentration ([Ca]). 
An unresolved issue is the timing of the decrease in 
plasma [Ca] relative to the time of parturition, with 
the consensus view being that plasma [Ca] does not 
decrease until after parturition. The objective of this 
study, therefore, was to characterize the change in 
plasma [Ca] over time in periparturient dairy cattle. 
Plasma and mid-stream urine samples were collected 
daily starting 3 d before calving from 104 periparturient 
Holstein-Friesian dairy cows in a herd fed an acidogenic 
total mixed ration during the late dry period. Mixed-
models ANOVA and linear and multivariable regres-
sion analyses were conducted. Plasma [Ca] decreased 
in periparturient multiparous cattle (n = 70) but not 
in primiparous cattle (n = 34). Compared with mean 
values approximately 72 h before parturition ([Ca] = 
2.32 mmol/L), mean plasma [Ca] in multiparous cattle 
first decreased at 9 h before parturition (2.13 mmol/L) 
and remained decreased for up to 48 h after parturition, 
with the lowest mean value (1.87 mmol/L) occurring at 
28 h after parturition. Mean 24-h urine Ca excretion 
was calculated to decrease by 3.5 to 3.8 g in peripartu-
rient multiparous cattle. Regression analysis indicated 
that plasma [Ca] in the 12-h period before and 24-h 
period after parturition was strongly and negatively 

associated with age but was also negatively associated 
with milk production indices. We conclude that plasma 
[Ca] was decreased at least 9 h before parturition in 
multiparous dairy cattle fed an acidogenic diet in late 
gestation, and that calcium homeostasis was disrupted 
for 2 to 3 d around parturition.
Key words: hypocalcemia, colostrogenesis, 
lactogenesis, urinary calcium excretion

INTRODUCTION

Most multiparous dairy cows suffer from some degree 
of hypocalcemia at parturition due to excessive loss of 
calcium to support fetal growth, colostrogenesis, and 
milk production (Ramberg et al., 1984; Horst et al., 
1994). Acute and severe hypocalcemia occurs when 
the Ca loss of 1.9 to 2.8 g/kg of colostrum (Kume et 
al., 1998; Bojkovski et al., 2005; Abd El-Fattah et al., 
2012) and 1.1 g/kg of milk (Tsioulpas et al., 2007) dra-
matically exceeds the Ca present in the exchangeable 
Ca pool (Ramberg et al., 1970, 1984). The homeostatic 
response to this Ca deficit is focused on increasing 
the rate of bone resorption and gastrointestinal Ca 
absorption (Martín-Tereso and Verstegen, 2011) and 
decreasing the rate of bone accretion and urinary Ca 
excretion (Ramberg et al., 1970, 1984; Grünberg et al., 
2011). These metabolic adaptations are controlled by 
parathyroid hormone (PTH) and calcitriol (1,25-di-
hydroxyvitamin D3), which are considered the main 
Ca regulatory hormones in mammals (Ramberg et al., 
1970, 1984).

The incidence of subclinical hypocalcemia in the Unit-
ed States varies according to parity; a 25% incidence 
has been reported in heifers, 41% in second-lactation 
cows, and up to 54% in third- to fifth-lactation cows 
(Horst et al., 2003; Reinhardt et al., 2011). Feeding an 
acidogenic diet for 2 to 3 wk before calving provides a 
practical and effective approach for preventing subclini-
cal and clinical hypocalcemia in large dairy herds in 
North America. Feeding an acidogenic diet mitigates 
the decrease in plasma calcium concentration ([Ca]) 
in the 24-h period after parturition and decreases the 
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incidence of periparturient hypocalcemia from 16.4 to 
3.2% (Charbonneau et al., 2006).

The optimal cutpoint for serum or plasma [Ca] to 
identify subclinical hypocalcemia and its compromised 
biological functions is difficult to determine because 
the capacity to maintain Ca homeostasis is affected by 
several factors (Thilsing-Hansen et al., 2002; DeGaris 
and Lean, 2008). The use of cutpoints is unlikely to 
provide a test with any substantial predictive value 
in an individual because of the dynamic changes in 
plasma [Ca] over the periparturient period in dairy 
cattle. Nevertheless, identifying cutpoints based on 
a large study population might yield clinically useful 
insight into the role of plasma [Ca] in health disorders 
and production metrics. For example, a plasma [Ca] 
<2.15 mmol/L might be optimal for identifying sub-
clinical hypocalcemia because this cutpoint identified 
cows with metritis and reduced numbers and activity 
of neutrophils (Martinez et al., 2012). The timing of 
the decrease in plasma [Ca] beyond the cutpoint for 
subclinical hypocalcemia relative to the time of calv-
ing is uncertain, with the consensus view being that 
plasma [Ca] does not decrease until after parturition 
(Goff et al., 2002; Kimura et al., 2006; Reinhardt et 
al., 2011; Martinez et al., 2012). Calcium homeostasis 
in periparturient dairy cattle is driven primarily by the 
balance between calcium intake (a function of the cal-
cium content of the diet and feed intake), the efficiency 
of Ca absorption from the gastrointestinal tract, the 
amount of Ca mobilized from accessible stores, and the 
amount of calcium lost to the fetus, colostrum, bone 
accretion, and urinary excretion (Ramberg et al., 1970; 
Martín-Tereso and Verstegen, 2011). Because Ca is lost 
to colostrum production and the fetus before parturi-
tion, we hypothesized that plasma [Ca] is decreased 
before parturition. Accordingly, the primary objective 
of this study was to characterize the change in plasma 
[Ca] over time in periparturient primiparous and mul-
tiparous Holstein-Friesian cattle fed an acidogenic diet 
in the late dry period. We also hypothesized that feed 
intake before parturition, colostral volume (evaluated 
by ultrasonographic determination of glandular cistern 
area), calf BW, and degree of skeletal maturity (evalu-
ated by age) were associated with plasma [Ca] in the 
24-h period before and after parturition. Secondary 
objectives were therefore to use multivariable linear 
regression to identify and prioritize factors associated 
with plasma [Ca] in the periparturient period.

MATERIALS AND METHODS

All methods were evaluated and approved by the Pur-
due Animal Care and Use Committee (West Lafayette, 
IN). The study reported here was part of a larger study 

investigating energy and potassium homeostasis in the 
periparturient period, and the prediction of parturition 
and dystocia in Holstein-Friesian cattle. Additional 
results have been published elsewhere (Megahed et al., 
2015, 2017b; Hiew et al., 2016).

Animals, Housing, and Feeding

A convenience sample of 104 late-gestation nonlac-
tating Holstein-Friesian cattle (34 primiparous and 
70 multiparous) from the Purdue University Dairy 
Research and Education Center were enrolled in the 
study between May 29, 2012, and March 29, 2013. Two 
hundred forty animals calved during the course of the 
study; 136 of these animals were not enrolled in the 
study due to workload constraints. Enrolled cows were 
usually moved from the outdoor dry lot to temperature-
controlled individual box stalls (3.1 × 3.1 m) located 
indoors 4 d before the estimated parturition date based 
on breeding records and pregnancy diagnosis at ap-
proximately 40 d after insemination. All animals were 
deemed healthy based on daily routine physical exami-
nations in the box stalls.

All cattle were fed an acidogenic TMR with DCAD 
= −18 mEq/100 g of DM, where DCAD = ([Na+] + 
[K+]) – ([Cl–] + [S2–]) based on formulations recom-
mended by the National Research Council for close-up 
cows (NRC 2001; Table 1). Primiparous and multipa-
rous cattle were fed an acidogenic close-up ration start-
ing 6 and 3 wk before parturition, respectively. The 
ration was fed once daily between 0800 and 0930 h and 
consisted predominantly of grass hay, alfalfa haylage, 
and corn silage. Water was available ad libitum. Daily 
amounts of TMR fed and refused (orts) were recorded 
daily each morning during the study period with wet 
weight intake = (weight of ration fed) – (weight of ra-
tion refused). Dry matter intake was calculated from 
wet weight intake using the DM percentage stated in 
Table 1. Weekly DM percentages were determined by 
drying to constant weight and were available for 75% of 
the study period, with the 95% CI for DM percentage 
being 45 to 56% for the lactation ration and 43 to 52% 
for the close-up ration. Daily Ca intake was calculated 
from the Ca content stated in Table 1.

The time of calving was recorded to the nearest 
hour, and the calf and dam separated within a few 
hours of parturition. Calf birth weight determined as 
described elsewhere (Hiew et al., 2016). Cows were kept 
in temperature-controlled individual box stalls for 3 d 
after parturition or until they had recovered from any 
postpartum health disorders before being moved to a 
freestall barn for lactating cows. Cows were switched 
to a lactating cow TMR immediately after parturition 
based on formulations recommended (NRC, 2001) for 
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fresh cows. This ration was based on corn silage, al-
falfa haylage, and high-moisture corn (Table 1). After 
parturition, cows were milked twice daily between 0515 
and 0830 h and between 1600 and 1900 h, in a milking 
parlor. Daily milk production was recorded using the 
dairy’s automatic recording software (PCDART, Dairy 
Records Management Systems, Raleigh, NC).

Experimental Study

Urine and blood sampling and ultrasonographic mea-
surement of gland cistern area were performed daily 
between 0800 and 1000 h with the animal gently re-
strained in a headlock. Mid-stream urine samples were 
collected by perineal stimulation into a 20-mL plastic 
collection cup on d −3, −2, −1, 0, 1, 2, and 3 relative 
to calving (d 0). The vials were completely filled with 
urine and immediately closed to minimize exposure to 
air. Urine samples were then placed in a water bath at 
38°C and urine pH measured within 15 min of collection 
using a pH meter (Orion 520A, Thermo Electron Corp., 
Beverly, MA). Urine samples were stored at −20°C for 
further analysis.

Blood samples were obtained daily at approximately 
0900 h from the coccygeal vein or artery on d −3, −2, 
−1, 0, 1, 2, and 3 relative to calving using 20-gauge 
Vacutainer needles, Vacutainer holders, and 10-mL 
lithium heparin blood collection tubes (BD Diagnostics, 
Franklin Lakes, NJ). The proposed puncture site at the 
ventrum of the tail was cleared of debris and feces by 
swabbing the site with gauze containing 70% isopropyl 
alcohol. Heparinized blood samples were centrifuged 
for 5 min at 1,300 × g within 30 min of collection. 
Plasma total protein concentration in the resulting 
plasma was measured in triplicate on the same small 
volume of plasma using a hand-held analog refractom-
eter (Master-Sur/Nα, Atago Co Ltd., Bellevue, WA). 
The remainder of the plasma sample was transferred 
into polypropylene vials within 1 h of centrifugation 
and stored at −20°C for further analysis.

The thoracic circumference (heart girth) in a vertical 
plane immediately caudal to the scapula was measured 
once before parturition with the animal standing on 
level ground and its weight evenly distributed. Body 
weight was calculated from the thoracic circumference 
using a linear equation developed from Holstein-Friesian 
heifers aged 1 to 821 d (Heinrichs et al., 1992).

Ultrasonographic measurement of the gland cistern 
area was performed on d −4, −3, −2, and −1 relative 
to parturition (d 0) as described (Ayadi et al., 2003). 
The cow was placed in a headlock in a normal standing 
position and one front gland was selected for imaging 
based on the ease of recording. Care was taken to mini-
mize external stimulation of the teat and thus oxytocin 

Table 1. Ingredients and chemical composition of the close-up and 
lactation rations during the study involving 70 multiparous and 34 
primiparous Holstein-Friesian cows

Item Close-up ration Lactation ration

Ingredient (% of DM)
 Corn silage 40.5 34.6
 Orchard grass hay 14.5 3.3
 Prefresh grain 7.2 —
 Cottonseed hulls 6.8 —
 Alfalfa silage 7.0 17.0
 Soybean meal 6.1 19.1
 Biochlor1 4.9 —
 High-moisture shelled corn 
  27.6%

4.3 9.4

 Corn grain ground — 5.0
 Soybean hulls pellet — 4.3
 Double S molasses 42% — 2.6
 LysAAmet Blend2 1.8 1.7
 Wheat straw — 0.9
 Urea — 0.2
 Omnigen AF3 1.5 0.1
 Megalac1 0.9 —
 TMV4 0.9 —
 Calcium carbonate 0.5 0.8
 Calcium phosphate 0.5 —
 Calcium sulfate 0.4 0.2
 Magnesium oxide 0.1 0.2
 Magnesium sulfate 0.1 —
 Sodium chloride 1.0 —
 Sodium bicarbonate — 0.5
 Yeast 0.3 —
 Vitamin E-20,000 0.2 0.02
 Vitamin A 30 0.02 —
 Niacin (99%) 0.3 0.02
 Rumensin 905 0.2 0.1
Chemical analysis
 DM (% as fed) 45.53 52.04
 NDF (% of DM) 36.12 29.95
 ADF (% of DM) 23.65 20.83
 Forage NDF adjusted (%) 26.24 24.10
 NFC (%) 36.00 43.25
 Sugar (%) 2.82 4.18
 Starch (%) 24.76 28.02
 Forage (%) 65.11 55.63
 CP (%) 15.48 16.05
 Soluble protein (%) 7.10 6.61
 RDP (%) 7.22 10.44
 Ca (%) 1.03 0.90
 P (%) 0.31 0.38
 Mg (%) 0.43 0.36
 K (%) 1.20 1.30
 Na (%) 0.20 0.36
 Cl (%) 1.14 0.52
 S (%) 0.39 0.22
 Mn (mg/d) 89.87 81.79
 Cu (mg/d) 20.48 22.69
 Zn (mg/d) 89.75 90.35
 I (mg/d) 0.52 0.56
 Co (mg/d) 1.94 2.10
 Se (mg/d) 0.36 0.40
 Vitamin A (IU/d) 8,846.20 7,505.80
 Vitamin D3 (IU/d) 1,854.30 1,907.80
 Vitamin E (IU/d) 207.79 43.73
 Monensin5 (mg) 31.76 11.44
 DCAD (mEq/100 g) −17.50 +20.40
1Arm and Hammer Animal Nutrition (Princeton, NJ).
2Perdue AgSolution LLC (Salisbury, MD).
3Omnigen AF; Phibro Animal Health Corp. (Ridgefield Park, NJ).
4Trace mineral pack; KNS Inc. (Lawrenceburg, KY).
5Rumensin 90; Elanco Animal Health (Indianapolis, IN).
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release by the cow and potential increase in cisternal 
milk due to mixing of alveolar and cistern milk (Caja 
et al., 2004), but an oxytocin receptor blocker was not 
administered before ultrasonographic examination. Re-
lease of oxytocin during ultrasonography was thought 
to be minimal because we did not observe streaming of 
echogenic fluid into the gland cistern during imaging 
and because ultrasonography was performed in calv-
ing pens located approximately 100 m from the dairy 
parlor. Oxytocin release is minimized when cows are 
milked in unfamiliar surroundings (Bruckmaier et al., 
1994).

Optimal ultrasonographic image quality was ob-
tained by cleaning the skin overlying the quarter with 
a brush to remove gross dirt and debris. Coupling gel 
was then applied to the ventral and caudal aspects of 
the gland, and a 5-MHz wide band linear probe (Exago, 
Universal Solutions Inc., Bedford Hills, NY) was held 
horizontally and placed caudal to the base of the teat. 
The ultrasonographic beam was directed vertically at 
right angles to the long axis of the body with the center 
of the linear probe aligned with the center of the teat. 
The depth setting of the ultrasound unit was set to 8, 
10, 12, or 15 cm depending on the deepest portion of 
the gland cistern that could be visualized. The ultraso-
nographic image with the largest contiguously viewable 
gland cistern area was stored in JPEG (.jpg) format 
(640 × 480 pixels) for analysis offline.

Urine and Plasma Biochemical Analysis

Stored urine samples were thawed at room tempera-
ture and vortexed for 10 s immediately before biochemi-
cal analysis. Urine concentrations of Ca (cresolphtha-
lein), magnesium (Mg, xylidyl blue binding), inorganic 
phosphate (Pi, ammonium molybdate), and creatinine 
(picric acid) were determined spectrophotometrically 
(AU680, Beckman Coulter Inc., Brea, CA) at the Vet-
erinary Diagnostic Laboratory, College of Veterinary 
Medicine (University of Illinois, Urbana-Champaign) 
using appropriate dilutions.

Urine Ca excretion (g/d) for each 24-h period was 
calculated from d 3 prepartum to d 3 postpartum using 
the measured urine Ca concentration ([urine Ca], ex-
pressed in mg/dL), measured urine creatinine concen-
tration ([urine creatinine], expressed in mg/dL), and 
the calculated BW (kg), assuming a constant urine cre-
atinine excretion of 0.029 g/kg of BW (Valadares et al., 
1999; Martín-Tereso and Verstegen, 2011), such that 
urine Ca excretion = ([urine Ca]/[urine creatinine]) × 
0.029 × BW.

Mean prepartum urine Ca excretion was calculated 
using a different method from the ration DCAD us-
ing the following quadratic equation developed from 

experimental data involving multiparous cows (Roche 
et al., 2003a): urine Ca excretion = 1.547 × (0.001 × 
DCAD2 – 0.1075 × DCAD + 2.794). This equation 
assumes a constant daily creatinine excretion of 17.5 g 
for a 600-kg cow (equivalent to that predicted by the 
equation above; Valadares et al., 1999), and produces 
an estimate for daily urine Ca excretion that is strongly 
correlated (r = 0.87) with the measured value (Martín-
Tereso and Verstegen, 2011). Mean postpartum urine 
Ca excretion was calculated using a similar approach 
from the ration DCAD using the following linear equa-
tion developed from experimental data involving mul-
tiparous cows (Roche et al., 2003b): urine Ca excretion 
= 1.547 × (– 0.0027 × DCAD + 0.622).

Plasma concentrations of total Ca (cresolphthalein), 
Mg (xylidyl blue binding), Pi (ammonium molybdate), 
and creatinine (picric acid) were determined spectro-
photometrically (AU680, Beckman Coulter Inc., Brea, 
CA) at the same laboratory as the urine samples.

Ultrasonographic Measurement  
of Gland Cistern Area

Gland cistern area was defined as the area of the 
visible anechogenic portion of the image, which is 
easily discriminated from the echogenic glandular pa-
renchyma (Ayadi et al., 2003). Gland cistern area was 
measured using the ImageJ software program (http:// 
rsbweb .nih .gov/ ij/ download .html) by hand tracing the 
outline of the contiguously viewable anechogenic por-
tion after calibrating image depth (Ayadi et al., 2003). 
The mean of 3 area measurements of each figure was 
used for statistical analysis. The percentage change in 
gland cistern area over the previous 24 h was calculated 
on d −3, −2, and −1 from the measured gland cistern 
area on day i, such that percentage change = (areai+1 
– areai) × 100/areai.

Statistical Analysis

Data were expressed as mean ± standard deviations 
or median and range, and P < 0.05 was considered 
significant. Data were categorized into 6-, 12-, or 24-h 
intervals relative to the time of calving for statistical 
analysis of changes over time. Mixed-models ANOVA 
was used to detect the main effects of parity (2 levels), 
time, and the interaction between parity and time. Time 
was included in the model as a repeated variable. Cow 
nested within parity was included in the model as a 
random effect whenever the between-subjects variation 
was determined to be significant (Littell et al., 1998; 
Liu et al., 2007). An autoregressive covariance struc-
ture was used based on the lowest value for Akaike’s 
information criterion. Data for some variables needed 

http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/download.html
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to be log-transformed (DMI, urine Ca excretion) or 
ranked (plasma [Mg], urine pH) to achieve homogene-
ity of variance and an approximately normal distribu-
tion for residuals. Whenever the F-test was significant, 
Bonferroni-adjusted P-values were used to assess differ-
ences between primiparous and multiparous cattle at a 
specific time, and between d −3 and subsequent days 
within a parity group.

Univariable linear regression was used to evaluate 
the individual association between plasma [Ca] and the 
following continuous variables: age, calf birth weight, 
gland cistern area, DMI, milk production on d 28 of 
lactation, cumulative 28-d milk production, 305-d 
mature-equivalent milk production, and total milk 
production for the lactation. The 28-d time interval 
was selected for analysis because postparturient oral 
Ca supplementation increased milk yield in the first 30 
DIM in multiparous cows of greater production poten-
tial (Martinez et al., 2016b). Forward stepwise linear 
regression was conducted using the same variables with 
P = 0.05 to enter and exit the model. Separate analyses 
were conducted for the 12-h period before parturition 

and the 24-h period after parturition; the latter analy-
sis did not consider calf birth weight. All analyses were 
performed with SAS software (PROC UNIVARIATE, 
PROC MIXED, PROC REG; SAS 9.4, SAS Inst. Inc., 
Cary, NC).

RESULTS

Four multiparous cows produced twins. Clinical signs 
of periparturient hypocalcemia were identified in 7 cows 
(6.7% of the study population and 8.6% of multiparous 
cattle) aged 7, 7, 6, 6, 4, 4, and 2 yr in the first 24 
h after parturition. These cows were treated with IV 
calcium gluconate before they could be examined in 
the first 24 h after parturition; laboratory and milk 
production measurements from these cows were not 
included in the statistical analysis for d 0 onward. Four 
other cows (8, 7, 6, and 6 yr) were treated with 50 g of 
calcium in a commercially available oral bolus (Bovi-
kalc, Boehringer Ingelheim Vetmedica Inc., St. Joseph, 
MO) after the cows were examined in the first 24 h 
after parturition. The 4 cows were administered oral 
calcium because they had exhibited clinical signs of 
periparturient hypocalcemia in the previous lactation. 
Laboratory and milk production measurements from 
these cows were not included in the statistical analysis 
from d 1 onward. Consequently, statistical analysis of 
plasma [Ca] used data from all 104 cattle in the 24-h 
period before parturition, 97 cattle in the 24-h period 
after parturition, and 93 cattle from 24 to 72 h after 
parturition.

Plasma Biochemical Analysis

Mean plasma [Ca] decreased in periparturient mul-
tiparous cattle but not in primiparous cattle (Figure 
1). Compared with mean values approximately 72 h 
before parturition ([Ca] = 2.32 mmol/L), plasma [Ca] 
in multiparous cattle was first decreased at 9 h before 
parturition (2.13 mmol/L), was lower (1.92 mmol/L) 
at 2 h after parturition, increased to 1.97 mmol/L at 
16 h and then decreased to 1.87 mmol/L at 28 h after 
parturition, after which time plasma [Ca] gradually 
increased to the reference range approximately 72 h 
after parturition.

Mean plasma [Pi] in primiparous and multiparous 
cattle was 1.84 mmol/L at approximately 72 h before 
parturition (Figure 2). Mean plasma [Pi] decreased in 
periparturient multiparous cattle but not in primipa-
rous cattle. Mean plasma [Pi] in multiparous cattle 
appeared to decrease in 2 waves: the first decrease was 
at 2 h after parturition (1.27 mmol/L), and the second 
decrease was at 26 h after parturition (1.22 mmol/L).

Figure 1. Plasma total calcium concentrations for multiparous 
(filled circles, n = 70) and primiparous (open circles, n = 34) Holstein-
Friesian cattle at selected intervals from 3 d prepartum to 3 d postpar-
tum. Time is expressed as the mean time that data were recorded for 
each 6-, 12-, or 24-h interval. The black rectangle is the 24-h period 
during which all cows calved, and the dotted horizontal line is the 
lower limit of the reference range for healthy cattle (2.15 mmol/L). 
The dashed vertical line indicates parturition. Data are presented as 
mean ± SD. *P < 0.0033 (Bonferroni adjusted) compared with the 
mean value obtained between d −3 and −2; †P < 0.0031 (Bonferroni 
adjusted) compared with the value for primiparous cattle at the same 
time.



1370 MEGAHED ET AL.

Journal of Dairy Science Vol. 101 No. 2, 2018

Mean plasma [Mg] in primiparous and multiparous 
cattle was maintained within the reference range for 
healthy cattle (0.62 to 1.11 mmol/L) during the whole 
study (Figure 3). Mean plasma [Mg] in primiparous 
and multiparous cattle was 0.88 mmol/L at approxi-
mately 72 h before parturition. Mean plasma [Mg] in 
multiparous cattle was decreased to 0.81 mmol/L at 24 
h before parturition and then increased to reach a peak 
(0.97 mmol/L) at 18 h after parturition, after which 
time mean plasma [Mg] gradually decreased to 0.79 
mmol/L approximately 72 h after parturition.

Urine Biochemical Analysis

Mean urine pH in primiparous and multiparous 
cattle at approximately 72 h before parturition was 6.4 
and 6.5, respectively (Figure 4). Compared with these 
mean values, urine pH in primiparous and multiparous 
cattle was first increased at approximately 25 h after 
parturition (7.5 and 7.7, respectively), was higher (8.0) 
at approximately 32 h after parturition, and then pla-
teaued approximately 72 h after calving.

Urine [Ca], urine [creatinine], urine [Ca]:[creatinine], 
and calculated daily Ca excretion at 12- to 24-h in-

tervals are presented in Table 2. The mean amount of 
Ca excreted in urine in primiparous and multiparous 
cattle at approximately 72 h before calving was calcu-
lated as 9.2 and 6.9 g/d, respectively, using the equa-
tion developed by Valadares et al. (1999; Figure 5). In 
primiparous cattle, mean urine Ca excretion decreased 
to 4.7 g/d at approximately 48 h before parturition 
and continued to decrease gradually, reaching a nadir 
(0.1 g/d) at approximately 30 h after parturition. In 
multiparous cattle, urine Ca excretion decreased from 
a calculated mean of 5.5 g/d at approximately 24 h 
before parturition to 1.7 g/d at parturition (equivalent 
to an effective reabsorption of 3.8 g of Ca over the 24-h 
period). Similarly, urine Ca excretion decreased from a 
calculated mean of 6.9 g/d at approximately 12 h be-
fore parturition to 3.4 g/d at approximately 12 h after 
parturition (equivalent to an effective reabsorption of 
3.5 g of Ca over the 24 h period). In other words, 3.5 
to 3.8 g of Ca was reabsorbed from urine over 24 h in 
periparturient multiparous cattle.

The estimated daily mean urine Ca excretion was 7.7 
g/d before parturition and 1.0 g/d after parturition, 

Figure 2. Plasma phosphorus concentrations for multiparous 
(filled circles, n = 70) and primiparous (open circles, n = 34) Holstein-
Friesian cattle at selected intervals from 3 d prepartum to 3 d postpar-
tum. Time is expressed as the mean time that data were recorded for 
each 6-, 12-, or 24-h interval. The black rectangle is the 24-h period 
during which all cows calved, and the dashed horizontal lines are the 
upper and lower limits of the reference range for healthy cattle. The 
dotted vertical line indicates parturition. Data are presented as mean 
± SD. *P < 0.0033 (Bonferroni adjusted) compared with the mean 
value obtained between d −3 and −2.

Figure 3. Plasma magnesium concentrations for multiparous 
(filled circles, n = 70) and primiparous (open circles, n = 34) Holstein-
Friesian cattle at selected intervals from 3 d prepartum to 3 d postpar-
tum. Time is expressed as the mean time that data were recorded for 
each interval. The black rectangle is the 24-h period during which all 
cows calved, and the dashed horizontal lines are the upper and lower 
limits of the reference range for healthy cattle. The dotted vertical 
line indicates parturition. Data are presented as mean ± SD. *P < 
0.0033 (Bonferroni adjusted) compared with the mean value obtained 
between d −3 and −2; †P < 0.0031 (Bonferroni adjusted) compared 
with the value for primiparous cattle at the same time.
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using a quadratic equation (Roche et al., 2003a) and 
linear equation (Roche et al., 2003b), respectively. The 
estimated mean daily Ca excretion values were within 
1 SD of the mean prepartum and postpartum values 
for multiparous cattle calculated from urine [Ca] and 
[creatinine] (Figure 5).

DMI and Calcium Intake

We detected marked cow-to-cow variability in DMI. 
Mean DMI in multiparous and primiparous cattle at d 3 

Figure 4. Preprandial free-catch urine pH for multiparous (filled 
circles, n = 70) and primiparous (open circles, n = 34) Holstein-
Friesian cattle at selected intervals from 3 d prepartum to 3 d postpar-
tum. Time is expressed as the mean time that data were recorded for 
each interval. The black rectangle is the 24-h period during which all 
cows calved. The dotted line indicates parturition. Data are presented 
as mean ± SD. *P < 0.0033 (Bonferroni adjusted) compared with the 
mean value obtained between d −3 and −2.

Table 2. Urine Ca concentration ([Ca]), creatinine concentration ([Creatinine]), urine [Ca] to [Creatinine] ratio, and calculated daily urine Ca 
excretion for primiparous (n = 34) and multiparous (n = 70) Holstein-Friesian cattle at selected intervals from 3 d prepartum to 3 d postpartum1

Day relative  
to calving

Urine [Ca] (mg/dL)

 

Urine [Creatinine] (mg/dL)

 

Urine [Ca]:[Creatinine]  Urine Ca excretion (g/d)

Primiparous Multiparous Primiparous Multiparous Primiparous Multiparous  Primiparous Multiparous

−3.0 35.8 ± 17.8 40.0 ± 29.4 84 ± 50 113 ± 39 0.61 ± 0.41 0.40 ± 0.32 9.3 ± 6.3 6.6 ± 5.2
−2.0 43.5 ± 20.6 38.6 ± 25.0 143 ± 30* 120 ± 35 0.30 ± 0.14 0.34 ± 0.23 4.7 ± 2.3* 5.6 ± 3.6
−1.5 30.5 ± 18.5 32.5 ± 24.8 113 ± 37 102 ± 31 0.26 ± 0.11 0.34 ± 0.24 3.9 ± 1.8* 5.7 ± 4.1
−1.0 35.0 ± 20.1 34.1 ± 29.3 155 ± 98 117 ± 40 0.26 ± 0.11 0.34 ± 0.27 3.9 ± 1.7* 5.5 ± 4.4
−0.5 26.2 ± 25.5 49.0 ± 27.1 108 ± 59 135 ± 35 0.24 ± 0.20 0.39 ± 0.23 3.7 ± 3.3* 6.6 ± 4.0
0 24.8 ± 23.8* 11.8 ± 12.5* 120 ± 87 150 ± 83 0.22 ± 0.13* 0.10 ± 0.12* 3.3 ± 2.0* 1.6 ± 1.9*
0.5 9.4 ± 8.9* 11.5 ± 14.7* 64 ± 37 80 ± 59* 0.19 ± 0.20* 0.19 ± 0.16* 2.9 ± 3.1* 3.1 ± 2.6*
1.0 9.1 ± 13.6* 4.5 ± 7.4* 113 ± 53 117 ± 44 0.09 ± 0.15* 0.04 ± 0.06* 1.4 ± 2.3* 0.7 ± 0.9*
1.5 3.8 ± 8.6* 1.2 ± 1.2* 128 ± 39 92 ± 37 0.03 ± 0.05* 0.01 ± 0.01* 0.4 ± 0.8* 0.2 ± 0.2*
2.0 1.4 ± 2.2* 1.1 ± 1.3* 109 ± 63 78 ± 34 0.01 ± 0.02* 0.01 ± 0.02* 0.2 ± 0.3* 0.2 ± 0.3*
2.5 2.0 ± 3.3* 1.3 ± 1.0* 128 ± 107 79 ± 31 0.02 ± 0.02* 0.02 ± 0.01* 0.2 ± 0.4* 0.3 ± 0.2*
3.0 1.3 ± 1.6* 2.5 ± 2.4* 135 ± 55* 85 ± 30 0.01 ± 0.01* 0.03 ± 0.02* 0.2 ± 0.2* 0.5 ± 0.4*
1Data are presented as mean ± SD.
*P < 0.005 (Bonferroni adjusted) compared with the mean value obtained on d −3.

Figure 5. Calculated urine calcium excretion for multiparous 
(filled circles, n = 70) and primiparous (open circles, n = 34) Holstein-
Friesian cattle at selected intervals from 3 d prepartum to 3 d postpar-
tum. Time is expressed as the mean time that data were recorded for 
each interval. The black rectangle is the 24-h period during which all 
cows calved. The dotted line indicates parturition. Data are present-
ed as mean ± SD. *P < 0.005 (Bonferroni adjusted) compared with 
the mean value obtained between d −3 and −2. The solid horizontal 
lines represent the mean daily Ca excretion calculated from the ration 
DCAD value using a quadratic equation (prepartum, Roche et al., 
2003a) or a linear equation (postpartum, Roche et al., 2003b). Color 
version available online.
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prepartum was 10.7 ± 2.9 and 7.9 ± 1.5 kg, respectively 
(Figure 6). Compared with these mean values, DMI 
decreased to 9.8 ± 4.0 kg on the day before parturition 
in multiparous cattle and increased in both multiparous 
and primiparous cattle on the day after parturition.

There was also marked cow-to-cow variability in cal-
culated daily Ca intake. Mean Ca intake in multiparous 
and primiparous cattle at d 3 prepartum was 110 ± 30 
and 81 ± 15 g, respectively. On the day before calving, 
mean Ca intake in multiparous and primiparous cattle 
was 101 ± 41 and 70 ± 27 g, respectively.

Ultrasonographic Measurement  
of Gland Cistern Area

Ultrasonographic images were available from 45 ani-
mals (13 primiparous, 32 multiparous) on all 4 d before 
parturition, and this data set was used to determine 
changes in glandular cistern area over time. Glandular 
parenchyma and gland cistern were evident in all scans, 
with variable degrees of udder edema visible in the sub-
cutaneous space, particularly in primiparous cattle. The 
front gland cistern area was largest when measured by 
placing the transducer caudal to the teat. The median 
coefficient of variation for measuring gland cistern area 
caudal to the teat from 12 randomly selected animals 
was 2.6% (range, 0.4–5.5%). This was similar to the co-
efficient of variation for gland cistern area measured by 
placing the transducer cranial (2.6%), lateral (2.0%), or 
medial (3.0%) to the teat.

There was marked cow-to-cow variability in gland 
cistern area, and the main effect for parity (P = 0.19) 
and the interaction of parity and time (P = 0.87) on 
gland cistern area were not significant (Figure 7). 
There was a significant effect of time on gland cistern 
area (P < 0.0001), which increased by a mean of 11, 11, 
and 23%, and by 9, 7, and 23% for the 3 consecutive 
days before parturition in primiparous and multiparous 
cattle, respectively.

Cistern area measured ultrasonographically in the 
24-h period before parturition explained little of the 
variance in first milking weight after parturition (n = 
74; R2 = 0.07; P = 0.028; Figure 8A), milk production 
on d 28 (n = 82; R2 = 0.06; P = 0.029; Figure 8B); 
cumulative 28-d milk production (n = 82; R2 = 0.06; P 
= 0.031), or total milk production for the lactation (n 
= 81; R2 = 0.05; P = 0.045).

Factors Associated with Plasma [Ca]  
Immediately Before Parturition

Forty of the 104 animals were examined within the 
12-h period before parturition. Univariable linear re-
gression of the 12-h period before parturition indicated 

that plasma [Ca] was most strongly associated with age 
(n = 40; R2 = 0.32; P = 0.0002; Figure 9A). Plasma 
[Ca] was also negatively associated with cistern area (n 
= 33; R2 = 0.19; P = 0.011; Figure 9B). The following 
variables were not associated with plasma [Ca] in the 

Figure 6. Dry matter intake for multiparous (filled circles, n = 70) 
and primiparous (open circles, n = 34) Holstein-Friesian cattle from 3 
d prepartum to 3 d postpartum. Time is expressed as the mean time 
that data were recorded for each interval. The black rectangle is the 
24-h period during which all cows calved. The vertical dashed line 
indicates parturition. Data are presented as mean ± SD. *P < 0.0085 
(Bonferroni adjusted) compared with the mean value obtained during 
d −3; †P < 0.0071 (Bonferroni adjusted) compared with the value for 
multiparous cattle at the same time.

Figure 7. Gland cistern area for multiparous (filled circles, n = 
32) and primiparous (open circles, n = 13) Holstein-Friesian cattle 
measured ultrasonographically caudal to the teat in one forequarter 
each day for the last 4 d prepartum. Time is expressed as the mean 
time that data were recorded for each interval. The vertical dashed 
line indicates parturition. Data are presented as mean ± SD. *P < 
0.005 (Bonferroni adjusted) compared with the mean value obtained 
during d −4.
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12-h period before parturition: DMI (n = 38, P = 0.12), 
calf birth weight (n = 39, P = 0.38), and change in 
cistern area (n = 23, P = 0.42).

Stepwise multivariable linear regression identified age 
as the only significant factor associated with plasma 
[Ca] in the 12-h period before parturition, although 
DMI (P = 0.061) was close to being significant as the 
second variable to enter the regression model.

Factors Associated with Plasma [Ca]  
Immediately After Parturition

Plasma [Ca] values were available for 97 untreated 
animals in the 24-h period after parturition. Univari-
able linear regression indicated that plasma [Ca] was 
most strongly associated with age (n = 97; R2 = 0.48; 
P < 0.0001; Figure 9C). Plasma [Ca] in the 24-h period 
after parturition explained 28 to 33% of the variance 
in milk production indices, being negatively associated 
with milk production on d 28 of lactation (n = 97; R2 
= 0.33; P < 0.0001; Figure 9D), cumulative 28-d milk 
production (n = 96; R2 = 0.29; P < 0.0001), and total 
milk production (n = 95; R2 = 0.28; P = 0.047).

Calves were separated from their dams as soon as 
possible after birth (almost all within 1 h) and calves 
were not observed to suckle the dam. The time to first 
milking was shorter (P = 0.009) for multiparous cattle 
(5.2 ± 1.8 h, n = 59) than for primiparous cattle (6.6 ± 
2.5 h, n = 30). Median values for first milking colostral 
volume were similar (P = 0.63) for multiparous cattle 
(2.5 L; range, 0.3 to 9.8 L) and primiparous cattle (2.5 
L; range, 0.8 to 6.7 L). Plasma [Ca] in the 24-h period 
after parturition was not linearly associated with the 
following factors: DMI (n = 95, P = 0.053), 305-d milk 
production (n = 94, P = 0.17), milk production at first 
milking (n = 87, P = 0.60), or first milking volume per 
hour after parturition (n = 87, P = 0.78).

Stepwise multivariable linear regression indicated 
that plasma [Ca] measured in the 24-h period after 
parturition was associated with 2 independent factors 
(n = 84; R2 = 0.57; P < 0.0001): age (P < 0.0001) and 
milk production on d 28 of lactation (P = 0.0088), such 
that plasma [Ca] = 2.58 – 0.092 × (age) – 0.0066 × 
(production). The interaction term between age and 
milk production on d 28 of lactation was not significant.

DISCUSSION

The first major finding of this study was that plasma 
[Ca] was decreased below 2.15 mmol/L at least 9 h be-
fore parturition and remained decreased for 48 h after 
parturition in multiparous Holstein-Friesian cattle fed 
an acidogenic diet (DCAD: −18 mEq/100 g of DM) 
in late gestation. The second major finding was that 
plasma [Ca] in the 12-h period before and the 24-h 
period after parturition was strongly and negatively as-
sociated with age. Additional major findings were that 
plasma [Ca] in the 12-h period before parturition was 
negatively associated with the glandular cistern area 
(an index of colostral volume), and that plasma [Ca] in 
the 24-h period after parturition explained 28 to 33% 
of the variance in milk production indices, being nega-
tively associated with d-28 milk production, cumulative 

Figure 8. (A) Positive linear relationship between gland cistern 
area measured in the last 24 h before parturition and first milking 
colostral weight collected after parturition in 74 Holstein-Friesian 
cattle. Gland cistern area was measured ultrasonographically in one 
forequarter. First milking colostral weight was indexed to time since 
parturition. The solid line is the regression line [area = 14.3 + 10.7 × 
(weight per h)], the medium dashed line is the 95% CI for the regres-
sion line, and the short dashed line is the 9% CI for prediction. (B) 
Positive linear relationship between gland cistern area measured in the 
last 24 h before parturition and milk production on d 28 of lactation 
in 74 Holstein-Friesian cattle; regression equation: area = 10.2 + 0.26 
× (production on d 28). Color version available online.
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milk production to d 28, and total milk production. 
Our findings are consistent with long-held hypotheses 
that periparturient hypocalcemia results from deranged 
calcium homeostasis due to the rapid loss of Ca into the 
mammary gland during colostrogenesis and an age-de-
pendent ability to rapidly mobilize Ca from body stores 
(Hibbs et al., 1951; Ramburg et al., 1984) and absorb 
Ca from the gastrointestinal tract (Martín-Tereso and 
Verstegen, 2011).

The study reported here appears to be the first in-
volving a large number of dairy cattle (n = 104) that 
permitted a more complete characterization of the 
change in plasma [Ca] during the 24-h period before 
and after parturition. It should be noted that our re-

sults were consistent with those reported in 5 studies 
involving small numbers of dairy cows that identified a 
prepartum decrease in plasma [Ca] below 2.15 mmol/L 
(Horst et al., 1978; Horst and Jorgensen, 1982; Goff 
et al., 1989; Sato et al., 2003; Kimura et al., 2006). 
However, the dairy cows used in those studies were not 
fed an acidogenic diet in the late dry period and most 
showed clinical signs of hypocalcemia, and the specific 
timing of the decrease in plasma [Ca] relative to partu-
rition was not well characterized.

Most randomized clinical trials have failed to dem-
onstrate a beneficial effect of post-calving oral or 
subcutaneous Ca supplementation on the incidence 
and severity of hypocalcemia (Melendez et al., 2002; 

Figure 9. (A) Negative linear relationship between plasma calcium concentration ([Ca]) in the last 12 h before parturition and age in 40 
Holstein-Friesian cattle. The solid line is the regression line {plasma [Ca] = 2.48 – 0.11 × (age)}, the medium dashed line is the 95% CI for the 
regression line, and the short dashed line is the 95% CI for prediction. (B) Negative linear relationship between plasma [Ca] in the last 12 h 
before parturition and gland cistern area measured ultrasonographically in 33 Holstein-Friesian cattle; regression equation: plasma [Ca] = 2.33 – 
0.012 × (area). (C) Negative linear relationship between plasma [Ca] in the 24-h period after parturition and age in 97 Holstein-Friesian cattle; 
regression equation: plasma [Ca] = 2.39 – 0.10 × (age). (D) Negative linear relationship between plasma [Ca] in the 24-h period after parturition 
and milk production on d 28 of lactation in 96 Holstein-Friesian cattle; regression equation: plasma [Ca] = 2.56 – 0. 014 × (production). Color 
version available online.
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Oetzel and Miller, 2012; Blanc et al., 2014). One of 
these trials demonstrated that post-calving oral Ca 
administration reduced the incidence of health events 
in cows diagnosed as lame in the first 30 DIM and 
production benefits in high-production cows (Oetzel 
and Miller, 2012). A recent trial demonstrated modest 
health benefits of post-calving oral Ca administration 
in multiparous cattle (Martinez et al., 2016a) and im-
proved reproductive performance in multiparous cattle 
and milk yield in multiparous cattle of greater produc-
tion potential (Martinez et al., 2016b). Our finding that 
mean plasma [Ca] was decreased by 9 h before parturi-
tion contrasts with the consensus view that plasma [Ca] 
does not decrease until after parturition, and suggests 
that post-calving Ca administration may be adminis-
tered too late to be beneficial. We hypothesize that 
prepartum calcium treatment may benefit multiparous 
cows more than postpartum calcium treatment. This 
hypothesis warrants further research. Support for this 
hypothesis is provided by the results of studies in dairy 
cattle demonstrating that prepartum Ca administra-
tion decreased the incidence of parturient paresis and 
left displaced abomasum (Ringarp et al., 1967; Jonsson 
and Pehrson, 1970; Oetzel, 1996; Thilsing-Hansen et 
al., 2002). The accurate prediction of parturition within 
6 to 12 h remains a major challenge in implementing 
prepartum Ca administration.

The negative relationship between plasma [Ca] 
before and after parturition and age observed in this 
study was consistent with findings in other studies 
that evaluated risk factors for periparturient hypocal-
cemia and subclinical hypocalcemia (Dyrendahl et al., 
1972; Reinhardt et al., 2011; Miltenburg et al., 2016). 
Bone growth and loss of calcium to bone slows with 
advancing age in Holstein-Friesian cattle (Ramberg et 
al., 1976), with mature skeletal size being reached at 5 
yr of age, based on changes in intrapelvic height and 
depth that has been previously reported in this study 
population (Hiew et al., 2016). Growing bones have a 
larger number of, and more active, osteoclasts than 
mature bones; therefore, primiparous cows can respond 
to PTH more effectively than multiparous cows (Horst 
et al., 1990). In addition, multiparous cows have fewer 
intestinal vitamin D receptors, resulting in decreased 
intestinal epithelial cell responsiveness to vitamin D 
(Horst et al., 1997). Consequently, older cattle have a 
decreased ability to rapidly mobilize skeletal Ca stores 
and absorb Ca from the gastrointestinal tract (Martín-
Tereso and Verstegen, 2011).

This appears to be the first study in dairy cattle to 
use ultrasonography to characterize prepartum changes 
in glandular secretion rates. We identified substantial 
cow-to-cow variability in gland cistern area, which was 
consistent with a large variability in colostral volume 

at the first milking after parturition (Morin et al., 2010; 
Kessler et al., 2014). The larger mean gland cistern 
area in multiparous cows was consistent with previous 
observations that gland cistern area increases with age 
(Bruckmaier et al., 1994).

The exact time for transition from colostrogenesis to 
lactogenesis (manifested as “bagging up,” an observable 
sudden increase in mammary gland volume) varies from 
cow to cow (Baumrucker and Bruckmaier, 2014). This 
variability is likely to affect the variability in plasma 
[Ca] in the periparturient period because colostrum 
contains approximately 3 times more casein than milk, 
permitting colostral secretions to attain a higher [Ca] 
than that of milk (Tsioulpas et al., 2007). The high [Ca] 
in colostrum, in conjunction with our ultrasonographic 
findings of increased glandular secretion rates in the last 
24 h before parturition, supports the widely held view 
of a marked increase in calcium loss to the mammary 
gland in the 24-h period immediately before parturition. 
The rate of calcium loss in some animals exceeds the 
ability of homeostatic mechanisms to maintain plasma 
[Ca], resulting in a decrease in plasma [Ca] at least 9 h 
before parturition. Late-gestation dairy cattle mobilize 
Ca at 0.50 g/h, which is considerably lower than the Ca 
mobilization rate of 0.87 g/h for nonpregnant dry cows 
(Payne, 1964). Moreover, the Ca mobilization rate of 
third- or greater-parity cows at 10 h postpartum was 
9 to 26% lower than the mobilization rate in first- or 
second-parity cattle (van de Braak et al., 1986). In 
other words, although Ca loss via colostrogenesis pre-
cipitates periparturient hypocalcemia by acting as the 
primary disturbing factor (Ramberg et al., 1970, 1984), 
short-term Ca homeostasis in the periparturient period 
is predominantly due to an age-dependent ability to 
mobilize calcium from tissue reserves, primarily bone 
(Hibbs et al., 1951) and an age-dependent ability to 
increase the rate of Ca absorption from the gastrointes-
tinal tract (Martín-Tereso and Verstegen, 2011). Bone 
Ca resorption is initiated by PTH release, and pregnant 
dairy cows require approximately 48 h of PTH stimula-
tion to effectively mobilize bone Ca (Goff et al., 1986; 
Martín-Tereso and Verstegen, 2011). This timeline was 
consistent with our finding that plasma [Ca] was de-
creased for 2 to 3 d in the periparturient period.

We found that plasma [Ca] was not associated with 
first milking volume (actual volume or indexed on the 
number of hours since parturition), possibly because 
the time from parturition to first milking and colostral 
milking process was not standardized. We speculate that 
cow-to-cow variability in oxytocin release at first milk-
ing may also have affected this finding. Nevertheless, we 
did identify a negative association between plasma [Ca] 
in the 12 h before parturition and gland cistern area, 
as well as a negative association between plasma [Ca] 
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in the first 24 h after parturition and milk production 
on d 28 of lactation and cumulative milk production for 
the first 28 DIM. These associations support long-held 
modeling assumptions that the amount of glandular tis-
sue, and therefore the Ca mass lost in colostrogenesis, 
is the primary disturbing signal in periparturient Ca 
homeostasis (Ramburg et al., 1970, 1984).

Feeding an acidogenic diet induces aciduria due to ex-
cessive proton excretion in urine. The changes in urine 
pH in the periparturient period in the study reported 
here are consistent with results from other studies that 
urine pH of dairy cows fed acidogenic diets in the late 
dry period does not increase until 12 to 24 h postpartum 
(DeGaris and Lean, 2008; Grünberg et al., 2011). The 
amount of Ca excreted in urine over 24 h is increased 
6-fold in animals fed an acidogenic diet (−9 mEq/100 
g of DM) before calving compared with animals fed a 
DCAD diet of +11 mEq/100 g of DM (Grünberg et al., 
2011). In other words, feeding an acidogenic diet in late 
gestation promotes aciduria and hypercalciuria. A low 
luminal pH in the second half of the distal convoluted 
tubule and connecting tubule decreases the number 
and activity of epithelial Ca channels called TRPV5 
(transient receptor potential vanilloid member 5). 
This directly results in hypercalciuria because TRPV5 
channels are the primary gatekeepers of active calcium 
resorption in the distal region of the mammalian uri-
nary tract (Constable et al., 2010; Martín-Tereso and 
Verstegen, 2011; Bonny and Edwards, 2013).

We found that the decrease in plasma [Ca] in mul-
tiparous cows at least 9 h before calving was associated 
with a decrease in the calculated 24-h urinary Ca excre-
tion in multiparous cattle of 3.5 to 3.8 g of Ca in the 
periparturient period to meet the excessive loss of Ca 
into the mammary gland associated with colostrogen-
esis. The reabsorption of Ca from the urine increased 
the amount of Ca available in the exchangeable Ca pool 
and most likely facilitated calcium homeostasis. This 
is best appreciated by comparing the calculated reab-
sorbed Ca mass of 3.5 to 3.8 g to the 6 to 12 g of Ca 
that is routinely administered intravenously to dairy 
cows to treat periparturient hypocalcemia (Alanko et 
al., 1975; Doze at al., 2008). Reabsorption of 3.5 to 3.8 
g of Ca from urine over 24 h will increase plasma [Ca] 
by approximately 0.5 mmol/L (2.0–2.2 mg/dL), assum-
ing an extracellular distribution volume of 26% of BW 
for a 675-kg cow (Grünberg et al., 2011). Periparturient 
urine reabsorption of Ca in cows fed a low-DCAD diet 
is therefore likely to be responsible for at least part of 
the decreased incidence of clinical and subclinical hypo-
calcemia in cattle fed acidogenic diets in late gestation 
(Grünberg et al., 2011).

Decreased DMI is considered a potential contributor 
to periparturient hypocalcemia, although univariable 

and multivariable linear regression analysis did not 
identify an association between feed intake and plasma 
[Ca] in the 12 h before or the 24 h after parturition. 
Feed intake is physiologically decreased during the last 
few weeks of gestation and is decreased to a greater 
extent in multiparous cows than in primiparous cows, 
reaching a nadir on the day of parturition (Ingvartsen 
and Andersen, 2000). Of interest in the study reported 
here is the marked cow-to-cow variability in DMI; such 
variability is not easily discerned when experimental 
data are presented as least squares means and standard 
errors. However, despite the variability in DMI and con-
sequently Ca intake, feed intake was not an important 
predictor of plasma [Ca] in the periparturient period.

Episodes of hypocalcemia at calving in multiparous 
cows are always associated with hypophosphatemia 
(Hove, 1986). The decrease in plasma [Pi] around calv-
ing is most likely due to excessive loss of Pi to the mam-
mary gland during colostrogenesis and lactogenesis, as 
milk contains 0.7 to 1.3 g of Pi/L, and release of PTH 
in response to hypocalcemia with subsequent increased 
renal and salivary loss of Pi (Goff et al., 1989). Other 
potential contributing mechanisms to postparturient 
hypophosphatemia include ingesting an acidogenic diet 
prepartum as metabolic acidosis and aciduria increases 
renal Pi loss (Grünberg et al., 2011), the increase in 
plasma [cortisol] around calving stimulates Pi influx 
from the extracellular to intracellular space (Horst and 
Jorgensen, 1982) and decreases the renal reabsorptive 
capacity of Pi (Kim et al., 2012). In addition, the in-
crease in plasma insulin concentration around calving 
in response to hypercortisolemia-induced hyperglyce-
mia stimulates Pi influx from the extracellular to the 
intracellular space, particularly into skeletal muscle 
cells (Grünberg et al., 2006).

The periparturient increase in plasma [Mg] observed 
in this study is consistent with findings of previous stud-
ies (Hove, 1986; Goff et al., 2002). The periparturient 
increase in plasma [Mg] is most frequently attributed 
to increased renal Mg reabsorption in response to a 
reduction in plasma [Ca] that stimulates PTH release 
(Goff et al., 1986).

The major limitation with this study was that it was 
conducted on one farm; additional studies are therefore 
indicated to determine the external validity of the re-
sults. More intensive sampling, such as every 12 h in the 
periparturient period or at standardized time intervals 
after parturition, than the 24-h sampling interval used 
herein will provide higher resolution information of the 
time course of periparturient changes in plasma [Ca]. 
Other limitations were that farm-to-farm variations in 
the percentage Ca fed on a DM basis from those in 
the study reported here (1.03% in close-up ration and 
0.90% in lactation ration) and farm-to-farm variations 
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in the DCAD of the close-up ration and lactation ration 
may influence the time of onset of periparturient hypo-
calcemia relative to parturition, as well as the magni-
tude and duration of subclinical hypocalcemia. Finally, 
the incidence of periparturient hypocalcemia diagnosed 
in this study using clinical signs alone was 8.6% in 
multiparous cattle. Whether the calculated mean Ca 
intake of 101 g in the 24-h period before parturition 
in multiparous cattle contributed to the higher than 
anticipated incidence of periparturient hypocalcemia 
remains an area of interest (Lean et al., 2006; Schröder 
and Breves, 2006; DeGaris and Lean, 2008).

CONCLUSIONS

Plasma [Ca] was decreased at least 9 h before partu-
rition and calcium homeostasis was disrupted for 2 to 
3 d around parturition in multiparous dairy cattle fed 
an acidogenic diet in late gestation. Plasma [Ca] in the 
24-h period after parturition was negatively associated 
with age and indices of increased milk production.
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