
 
 

 

EPIDEMIOLOGY OF SUBCLINICAL HYPOCALCEMIA IN EARLY-LACTATION DAIRY 

CATTLE AND A POTENTIAL DIAGNOSTIC TOOL FOR MEASUREMENT OF BOVINE 

BLOOD IONIZED CALCIUM 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

by 

Rafael Camargos de Figueiredo Neves 

August 2017



 
 

 

 

 

 

 

 

 

 

 

 

 

 

© 2017 Rafael Camargos de Figueiredo Neves



1 
 

 

EPIDEMIOLOGY OF SUBCLINICAL HYPOCALCEMIA IN EARLY-LACTATION DAIRY 

CATTLE AND A POTENTIAL DIAGNOSTIC TOOL FOR MEASUREMENT OF BOVINE 

BLOOD IONIZED CALCIUM 

 

Rafael Camargos de Figueiredo Neves, Ph. D. 

Cornell University 2017 

 

 One of the challenges for dairy cows transitioning to a new lactation is the maintenance 

of optimum blood calcium concentrations that can successfully support the demands for milk 

production and the active immune system. Failure to do so can increase the risk of the animal to 

suffer from early-lactation diseases along with impaired performance. Subclinical hypocalcemia 

(SCH) is now being researched by many groups, though knowledge in this area is still in its 

infancy. The objectives of this research were to: 1) evaluate potential associations of cow-level 

variables in the prepartum period (and particularly plasma Mg concentration) that could be risk 

factors for SCH at calving, and at 2 days-in-milk (DIM) using a previously established cut-point 

for disease classification; 2) determine the associations of plasma calcium at calving with the 

most common early-postpartum health disorders, culling risk, reproductive and milk production 

performance, and 3) evaluate the analytical performance of a calcium ion-selective electrode 

technology as a potential cow-side instrument for measurement of bovine blood ionized calcium. 

Prepartum plasma magnesium concentration was not associated with SCH in the immediate 

postpartum. Risk factors associated with SCH if classified at calving or at 2 DIM varied, which 

highlighted the potential differences of lactational outcomes depending on when blood is tested 
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for SCH relative to parturition. In multiparous cows, lower plasma calcium concentration 

collected within 12 hours of parturition was associated with an increased risk of displaced 

abomasum, and higher milk production. Calcium concentration at calving was not predictive of 

any outcome in primiparous animals. Lastly, evaluation of ionized calcium in bovine blood cow-

side demonstrated to be possible using an ion-selective electrode prototype. Instrument short-

term imprecision, as measured by coefficient of variation, demonstrated to be within acceptable 

limits of performance according to general guidelines for point-of-care devices, and were within 

5% . Higher sensitivity and specificities were found for the prototype at 3 different cut-points. 

Therefore, as a qualitative method, the prototype can represent a significant advance to the 

veterinary field due to its potential application as a cow-side test with lower cost. 
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CHAPTER 1 

 

LITERATURE REVIEW 

Introduction 

 In serum, calcium (Ca) fractions can be divided into diffusible (i.e., ionized and 

complexed forms) and non-diffusible (i.e., protein bound) fractions (Updegraff et al., 1926). 

Ionized and complexed Ca (e.g., with bicarbonate, phosphate, citrate, lactate, etc.) may be 

commonly referred to as the ultrafilterable portion, since it has the capability of going through 

most biological membranes (Walker et al., 1990). The ionized form, also commonly referred to 

as the “free-form”, is accepted as the physiologically active fraction. A study performed by 

McLean and Hastings (1934) using a meticulous ventricular cannulation methodology in the 

heart of frogs showed that stock solutions varying in ionized Ca (iCa) concentrations altered the 

heart’s contractility response. A year later, those same authors demonstrated that proteins 

(mainly albumin and globulins) and anions (citrate in that work) could bind to Ca. Interestingly, 

they already made mention of the potential estimation of iCa based on total Ca (tCa) and total 

serum protein knowledge (McLean and Hastings, 1935). 

 

Calcium testing 

 In medicine, tCa and iCa are the 2 units used to report a patients’ calcemic status. 

Measurements of tCa have the great advantage of being much more stable in the sample than 

iCa. Therefore, most epidemiological research has used tCa measurements as the method of 

choice. However, potential disturbances in sera protein fractions (mainly albumin) could impose 

errors in the diagnosis of hypo- or hypercalcemia. It seems that this problem was more 
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thoroughly investigated in the 1970s, in which ion-selective electrode (ISE) technology had not 

been fully developed and adopted in human hospitals. For this reason, clinicians had a strong 

interest in predicting the iCa fraction from tCa measurements using derived regression equations, 

though the method was already questioned (Payne et al., 1973). After the application of Ca ISE-

modules, direct measurements of the iCa fraction could be performed. 

 

Total Ca measurement 

 Spectrophotometric analyses have been used for the measurement of common analytes in 

clinical chemistry for decades, tCa being one of them (Kingsley, 1969; Burtis and Bruns, 2015). 

Simply put, the light absorbance of a specific colorimetric reaction (i.e., the analyte of interest + 

a dye reagent = complex) is measured at a specific wavelength that often maximizes its peak 

absorbance (Burtis and Bruns, 2015). First, 2 or more set-points are normalized using known 

standard concentrations (“calibrators”) so that absorbance levels within those points can be 

estimated during measurement; the key principle assumes that any absorbance level falling 

within the set-points would be correctly estimated based on a linear scale, which may not always 

hold true (Burtis and Bruns, 2015). Therefore, the sample being measured will have an estimated 

concentration based on the absorbance difference of the complex formed against the standard 

set-points. 

 Two reagents are commonly manufactured and commercialized by diagnostic 

laboratories for the analyses of tCa: orthocresolphthalein complexome (o-CPC) and 2,7-bis(2-

arsonophenylazo)-1,8-dihydroxy-3,6-naphthalene-disulphonic acid (Arsenazo III). Janssen and 

Helbing (1991) investigated the calibration stability between the 2 aforementioned reagents and 

found the latter to be more stable overtime; generally, frequent analyzer calibrations are required 
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for the o-CPC method as the buffer utilized in that reaction can more easily change pH when in 

contact with air. However, the Arsenazo III method presents environmental disposal issues as it 

is an organic arsenic compound (Noda et al. 2010). Therefore, diagnostic manufacturing 

companies are constantly adopting reagents that improve their stability and precision, while 

minimizing potential interferences with other compounds and maintaining acceptable costs. 

More recently, Roche Diagnostics has introduced a new dye reagent [5-Nitro-5’-methyl-(1,2-

bis(o-aminophenoxy)ethan-N,N,N’,N’-tetraacetic acid] (NM-BAPTA) that has overcome some 

stability issues of the o-CPC method (Bourguignon et al., 2014), while being more 

environmentally friendly than the Arsenazo III. 

 

Ionized Ca measurement 

 Direct measurement of iCa activity in biological specimens (e.g., blood, serum, plasma, 

and urine) has been possible by the development of ISE technology. In order to correctly detect 

the specific activity of an ion in solution, a highly selective membrane specific to the ion of 

interest must be employed. For instance, in pH electrodes, a permeable glass membrane to H
+
 is 

used, while for iCa, ion-exchange membranes are used (Freiser, 1980). Different manufacturers 

employ different types of polymers (not completely disclosed by them) and work in this area is 

in constant improvement. For the most part, the precision of an instrument will depend on the 

selection coefficient of the ion-exchange membrane to the ion of interest. If one does a basic 

search of the literature on ISE modules, inevitably they will find that the principle of direct 

potentiometry lies within the ideal Nernst equation. A great and simple explanation of the Nernst 

equation can be found in a review by Wang et al (2008). 

 Technological advancements are not always disclosed as, if not protected under a patent, 
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they are kept as “industry secrets”. In clinical chemistry analyzers, each manufacturer employs 

specific algorithms to correct for electric potential errors (i.e., interference) that can happen 

during sample measurement, which are innate to the specimen matrix. For instance, Na
+
 is well-

known to be the biggest interfering ion for any iCa electrode (Grima and Brand, 1977). As the 

selection coefficient of the Ca ion-membrane most likely differs between manufacturers, 

extensive work is necessary to find out the sensitivity limits for each electrode, as well as the 

“noise” in measurement for every interfering ion at concentrations that are commonly present in 

the measuring matrix of interest. In the case of blood, serum and plasma, Mg
2+

, Na
+
, and K

+
 are 

generally the biggest interfering ions. Only after enough knowledge of the exact contribution of 

the interfering ions at different ranges are known, theoretical calibration standard recipes can be 

developed and tested in order to decrease those interfering measurement errors. 

 Despite knowledge that iCa is the most relevant Ca fraction, it is an analyte that requires 

special handling to minimize pre-analytical variations. In essence, any possible causes of pH 

alteration of the sample will affect iCa concentrations. First and foremost, sample anaerobic 

collection is of utmost importance as loss of CO2 with consequent alteration of the pH of the 

sample and competition of the H
+
 ions for iCa bindings sites (largely albumin), will alter the iCa 

concentration of the sample (Wang et al., 2002). An inverse relationship between pH and iCa 

exists, such that as pH increases iCa decreases (Burritt, 1993). Obviously, the degree of change 

will depend on the amount of CO2 losses, but also the albumin to total protein ratio of the sample 

(Bandi, 1981; Wang et al., 2002). In addition, sample pH variation due to lactate production after 

delayed sample analysis, which is a consequence of cell metabolism, will also impact 

dissociation constants of iCa with its specimen binding compounds. Moreover, lactate 

production has been shown to vary according to sample storage temperature and leukocyte count 
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of the specimen (Calatayud and Tenias, 2003). 

 

A historical point of view of hypocalcemia 

 Hypocalcemia (i.e., low blood Ca concentration) is one of the periparturient disorders 

that commonly afflict dairy cows. The disorder can be divided into clinical and subclinical 

definitions, with the latter receiving much recent research attention. However, knowledge on 

subclinical hypocalcemia (SCH) is still scarce, and the field is currently attempting to adapt the 

knowledge built over the years from clinical hypocalcemia into the subclinical state. Oftentimes, 

it is plausible to believe that some cross-talk between both disorders occurs but the level of 

commonality is still unknown, as SCH has not been fully characterized. 

 Clinical hypocalcemia, a condition most commonly recognized by recumbence, is a 

metabolic disorder that if left untreated, can develop into comma and death (Divers and Peek, 

2008). Different dairy breeds are long known to differ in disease predisposition, as discussed by 

Hibbs (1950), with Jerseys having higher incidence. Interestingly, it seems that the first 

successfully documented intervention strategy as a treatment for clinical cases was the mammary 

insufflation method. The technique involved insufflation of a potassium iodide solution into the 

quarters, which was later substituted by air (Hibbs, 1950).  



23 
 

Figure 1. 1. A mammary insufflator used in the treatment of clinical hypocalcemia cases until 

approximately World War II. The method involved insufflation of the lactating quarters with, 

most commonly, air which would cause a reduction of milk synthesis, and therefore, Ca output. 

The instrument belongs to Professor Emeritus Robert Hillman (Cornell University DVM ’55). 

 

 

 

 As hypocalcemia is most commonly observed in cows very close to parturition or soon 

thereafter, initiation of lactation is a hallmark of the disorder. The point to be made is that 

suboptimal blood Ca concentrations are a result of a mismatch in the rate of Ca input to Ca 

output. Most of the research on hypocalcemia in dairy cows has been combined with studies that 

explore the endocrine changes resulting from a preventative strategy aimed to increase Ca 

homeostatic and homeorhetic mechanisms. Therefore, Ca metabolism will be discussed in the 

context of the transition period in the dairy cow. 
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 The term “transition period” has been commonly used to denote a critical interval in the 

production-cycle of the dairy cow where the animal transitions from a pregnant, non-lactating 

state to a new lactation. The coordination of endocrine and metabolic changes occurring during 

this period, concomitant with low extrinsic challenges, are paramount to the successful 

adaptation to milk production, and return to reproductive cyclicity. Some research on Ca 

metabolism of the postpartum cow has used clinical hypocalcemia cases as the model. It is 

unknown at this time at what level research performed using clinical cases has an application for 

SCH. Only after SCH is truly characterized one will be able to better appraise and contrast the 

metabolic differences and similarities. However, even though research on hypocalcemia 

preventative strategies has a more direct application on clinical cases, approaches that aim to 

enhance the animals’ Ca homeostatic control mechanisms may have a direct impact on SCH. 

Throughout this review, metabolic regulation of hypocalcemia will be discussed with much of 

the previous research models based on clinical hypocalcemia cases. 

 

Calcium metabolism in relation to the transition cow 

 It is outside the scope of this review to closely discuss the very basic aspects of Ca 

physiology. However, one must understand that parathyroid hormone (PTH; a peptide secreted 

from the chief cells of the parathyroid gland) is the main homeostatic mechanism acting 

whenever intravascular iCa concentrations fall below a biological set-point, inducing: 1) a 

decrease in urinary Ca excretion; 2) an increase in bone resorption; 3) activation of vitamin D 

(McDonald, 1989). Vitamin D is the second mechanism acting in response to a low iCa stress; a 

more detailed discussion on the endocrine effects of vitamin D as related to the transition cow 

can be found later. Parathyroid hormone concentrations in response to hypo- and hypercalcemia 
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have been closely studied following ethylenediaminetetraacetic acid (EDTA) and Ca perfusions 

of the parathyroid gland of goats, demonstrating the inverse relationship of PTH and Ca 

(Aurbach et al., 1969). 

 

Parathyroid hormone and the dietary cation-anion difference 

 Knowledge of a prepartum dietary cation-anion difference (DCAD-diet) effect on the risk 

of clinical hypocalcemia has been apparent for several decades. Ender et al. (1962) compiled 

evidence from several experiments performed by that group and pioneered the concept that diets 

with higher levels of alkali minerals, most specifically Na
+ 

and K
+
, more commonly induced 

clinical hypocalcemia as compared to diets richer in mineral acids. In addition, the authors 

proposed the “alkali-alkalinity” basis (as related to the ionic salts of alkali metals) to define the 

DCAD-level of a diet, empirically calculated using the following equation: (Na
+
 + K

+
) – (S

-
 + 

Cl
2-

). Different variations of the DCAD-equation have been proposed, and reviewed in a meta-

analysis (Charbonneau et al., 2006). Independent of the DCAD-equations, cows fed a lower 

DCAD-diet have lower urinary pH, indicative of a metabolic acidosis (Charbonneau et al., 

2006). 

 Goff et al. (2014) has more formally proposed the theory of a pseudohypoparathyroidism 

state as a risk factor for hypocalcemia. In that work, multiparous Jersey cows fed a high DCAD-

diet (alkalotic) for 2 weeks in the prepartum had a lower plasma tCa increase following PTH 

injections as compared to cows fed a low DCAD-diet. The authors suggested that alkalotic diets, 

via their alteration of blood acid-base balance, could induce conformational changes of the PTH 

receptors, and therefore, the ligand binding capacity. In vitro studies evaluating PTH-receptor 

binding capacity using bovine alkalinized bone cultures incubated with and without PTH to fully 



26 
 

support the pseudohypoparathyroidism theory do not appear to exist. However, there is scientific 

evidence that blood acid-base balance is capable of altering the PTH response. Parathyroid 

hormone concentrations in the recovery phase of normocalcemia after a hypocalcemic-clamp 

were lower in dogs that had acutely induced metabolic alkalosis compared to controls (Lopez et 

al., 2003). Conversely, an in vitro study demonstrated that induced acidosis (pH in the media 

modified from 7.4 to 7.1) was capable of increasing PTH- and parathyroid hormone-related 

peptide (PTHrP) receptor mRNA and PTH binding capacity in an osteoblast-like cell lineage 

(Disthabanchong et al, 2002). In addition, Ca efflux was amplified in acidified media of bone 

cultures (same pH variation as the Disthabanchong et al, 2002 study) incubated with PTH as 

compared to ‘acidified media without PTH’ and ‘pH 7.4 media with PTH’ intervention alone 

(Buchinsky, 1995). Taken together, it is plausible to suggest that blood acid-base balance is 

capable of affecting PTH binding capacity and could, therefore, impair Ca balance. 

 

Potassium ion effects on Ca metabolism 

 As ruminant diets are rich in forages, and K
+
 levels are high in forage legumes, K

+
 levels 

can vary widely in the diet. Slow constant infusions of potassium chloride in the cow have 

shown that ruminants behaves differently than other mammals and have lower than expected 

urinary K
+
 excretion than dogs and men when exposed to the same type of experiments 

(Anderson and Pickering, 1962). Fisher et al. (1994) demonstrated that an increased inclusion 

rate of potassium carbonate in the diet of early lactating Holstein cows caused a rise in plasma 

K
+
, as well as urinary excretion, and a reduction in Ca urinary output. Conversely, animals fed 

the low K
+
 diet (1.6% DM) had an increased urinary Ca excretion. As higher inclusion rates of 

K
+
 in the diet are related to a higher alkali load and hypercalciuria, restriction of dietary K

+
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levels capable of preventing excess urinary Ca excretion would allow for some Ca conservation 

in non-alkalotic states and possibly help balance the Ca demands of the periparturient cow.  

 In vivo studies done in cows and women have also shown that K
+
 supplementation can 

decrease bone resorption markers (Goff et al., 1997; Rafferty et al., 2005). An in vitro study 

using periosteum bone cultures of neonatal mice has shown that media containing very low K
+
 

caused an increase in osteoclastic enzyme release (β-glucoronidase) and Ca efflux compared to 

media containing higher concentrations of K
+
. In addition, cells cultured in the low K

+
 medium 

(1 mmol/L) had lower intracellular pH than the cells cultured in the high K
+
 medium (3 mmol/L) 

(Bushinsky, et al., 1997). Taken together, it is possible that higher levels of K
+
 in the diet that are 

capable of increasing plasma K
+
 concentrations can decrease bone resorption, and therefore, 

dampen Ca efflux from bones. This would be a contributing factor directly influencing a sub-

optimal Ca turnover state in the transition cow. 

 

Magnesium ion effects on Ca metabolism 

 In the human literature, one can find a number of clinical reports of the interaction of Ca 

and Mg (Estep et al., 1969; MacManus et al., 1971; Anast et al., 1972; Rude et al, 1976). In all of 

them, patients show biochemical profiles indicative of hypoparathyroidism, hypocalcemia and 

hypomagnesmia; only after Mg supplementation is initiated are the individuals able to be rescued 

from the hypocalcemic state. Hypocalcemia reoccurs if the individual is administered PTH or Ca 

supplementation solely. An in vitro study done using bovine parathyroid tissue demonstrated that 

PTH secretion was impaired at lower Mg concentrations, with an increase following Mg 

replenishment (Takatsuki et al., 1980). In addition, PTH bone resorptive capacity (measured as 

45
Ca release) from fetal rat bone cultures containing low Mg media were impaired as compared 
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to cultures incubated with normal Mg concentrations in a chronic fashion (over 5 d) but not in an 

acute fashion (when measured at 2 d). Collectively, a more prolonged Mg deficient state is 

capable of impairing Ca homeostasis by reducing PTH secretion and its end organ expected 

response. Therefore, Mg feeding rates and sources can have an impact in postpartum Ca balance. 

 Currently, dairy nutritionists are not following prepartum Mg feeding rates as described 

in NRC (2001); meta-analyses work provided evidence that higher Mg feeding rates (an increase 

from 0.3% to 0.4% on a dry matter basis) were necessary to reduce the risk of clinical 

hypocalcemia (Lean et al., 2006). It has been speculated that higher Mg feeding rates could take 

full advantage of Mg passive absorption in the rumen (Goff, 2008). If using higher prepartum 

Mg feeding rates, adoption of an ordinary or a more bioavailable Mg source does not seem to 

affect prepartum plasma Mg concentrations (Leno et al., 2017 In Press). It is likely that the Mg 

source could become critical with suboptimal feeding rates and predispose the cow to a 

subclinical hypomagnesemic state. If true, that could negatively impact Ca metabolism while 

increasing the risk of SCH in the transition cow. 

  

Vitamin D and Ca metabolism 

 Vitamin D is another key component in the maintenance of Ca balance. In the plasma of 

cattle, vitamin D3 (25-hdroxyvitamin D3 or cholecalciferol) is more abundant than D2 and 

thought to be of greater relevance (Horst and Littledike, 1982). Cholecalciferol is majorly 

supplied through the diet although it is also synthesized in the skin from 7-dehydrocholesterol in 

a conversion catalyzed by ultraviolet irradiation. Briefly, there are 2 hydroxylation processes 

prior to conversion to the metabolically active compound (calcitriol; 1,25(OH)2D3). The first 

hydroxylation process occurs in the liver (enzyme: calciferol-25-hydroxylase; site: hepatic 
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microsomal enzyme; Bhattacharyya and DeLuca, 1974), while the second occurs in the kidney 

(enzyme: 25-hydroxycholecalciferol-1-α-hydroxylase; stimulus: PTH; site: mitochondria of renal 

epithelium cells in the proximal convoluted tubes). As an end result, calcitriol stimulates 

activation of vitamin D receptors (VDR) in the kidney and bones (increase in Ca reabsorption) 

and intestine (increase in Ca absorption). 

 It is more plausible to think that vitamin D acts in a homeorhetic manner during lactation, 

as production of calcitriol is dependent on PTH (homeostatic response). For instance, 25-

hydroxycholecalciferol-1-α-hydroxylase activity is ablated in lactating rats that are 

parathyroidectomized. Moreover, the activity of vitamin D has shown to be time-dependent. In a 

cell culture line of pig kidney incubated with an active vitamin D analog, VDR only reached its 

peak up-regulation after 16-20 h (Costa et al., 1985). Administration of active vitamin D 

analogues have been shown to have a peak effect on blood Ca levels after 2-3 d following 

administration in cattle (Vieira-Neto et al., 2017). 

 Horst et al. (1994), in a discussion of the major underlying cause of clinical hypocalcemia 

being a state of tissue resistance to PTH, introduced the idea that a potential delay in 

1,25(OH)2D3 conversion was a secondary and aggravating factor of hypocalcemia.  Earlier, Goff 

et al. (1989) showed that Jersey cows with relapsing cases of clinical hypocalcemia had a 

delayed rise in 1,25(OH)2D3 as compared to non-relapsing cases, while PTH levels were very 

alike between groups. Jersey cows in their 3
rd

 and greater lactation fed a prepartum acidogenic 

diet had a meaningful increase in the number of VDR receptors in the mucosa of the colon in the 

early postpartum period as compared to the ones fed an alkalogenic diet Goff et al. (1995). 

Interestingly, the number of VDR receptors was not different among groups in the prepartum 

period and seemed to decrease at parturition in the Goff et al. (1995) study; unfortunately, 
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1,25(OH)2D3 was not measured. However, in an earlier study, Goff and Horst (1991) 

demonstrated a higher increase in 1,25(OH)2D3 per unit increase in PTH in cows fed acidogenic 

diets. Wilkens et al. (2012) demonstrated that oral dosing of 3 mg/day of 25-hydroxy vitamin D 

combined with an acidogenic prepartum ration increased early postpartum plasma Ca 

concentrations compared to cows fed an acidogenic diet without any dosing. Weiss et al (2015) 

failed to show any benefits of adding 6 mg/day of 25-hydroxy vitamin D in the ration of cows 

fed a negative-DCAD diet. However, the level of urinary pH obtained in that study was quite 

variable between cows (i.e., some cows were in a true metabolic acidotic state, while others only 

marginally), which could have substantially impacted their results. More work addressing the 

variations in feeding rates of 25-hydroxy vitamin D with a negative DCAD-diet are necessary to 

completely elucidate the benefits of vitamin D in negative DCAD-diets. 

 

Milk production as a risk factor for hypocalcemia 

 As previously mentioned, initiation of lactation is a key period in the adaptation of Ca 

metabolism for the dam, as the animal must maintain adequate amounts of Ca in the milk to 

support the growth of the offspring while maintaining the demands of the cow (Anderson and 

Carner, 1996). In Sprague-Dawley rats, a substantial reduction (about 11%; 149 mg to 133 mg) 

in femoral Ca occurred after 14 d of lactation as compared to age-matched, unmated controls 

(Miller et al., 1986). Uniquely to lactation, PTHrP, a peptide that shares homology with PTH on 

its amino-terminal (Suva et al., 1987) and is known to affect bone resorption (Stewart et al., 

1987; Rodan et al., 1988; Van Houten et al., 2003), has been shown to be highly expressed by 

mammary cells solely during lactation (Thiede and Rodan, 1988). Moreover, Thiede and Rodan 

(1988) showed that PTHrP mRNA expression was at its highest around 24 h after parturition, 
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and varied according to differently imposed suckling frequencies. It is very likely that PTHrP 

expressed by mammary cells exert a key function in the homeostatic adaptation to lactation in 

cows. In fact, plasma PTHrP has been shown to increase after parturition in cows (Filipovic et 

al., 2008). 

 Since the characterization of the extracellular Ca-sensing receptor (a G-protein-coupled 

receptor) (Brown et al., 1993), various other organs, including the kidney (Riccardi et al., 1995) 

and the breast (Cheng et al., 1998), have been found to functionally express it as well. In vitro 

studies done by VanHouten et al. (2004) using mammary epithelial cells demonstrated that the 

Ca-sensing receptor (CaSR) is an active component of Ca balance as it can sense extracellular 

iCa and participates in the transcellular Ca transport independent of PTHrP. Moreover, 

VanHouten and colleagues (2004) discuss the potential role of the CaSR acting on water 

transport into the mammary gland. Inciting evidence using in vitro and in vivo mice models 

show that the CaSR modulates fluid absorption in the proximal tubule of the kidneys. Taken 

together, there is a strong potential that the CaSR at the mammary gland level could indeed 

modulate Ca and water trafficking, which would therefore affect serum Ca levels and milk 

production. More research in this area related to the dairy cow is needed. 

 At the mammary gland level, serotonin has recently been shown to regulate PTHrP gene 

expression (Hernandez et al., 2012) and, therefore, is involved (through PTHrP) in mammary 

epithelial cell Ca transport (Laporta et al., 2014). Moore et al. (2015) demonstrated that 

peripheral serotonin, on average, follows the same pattern as serum Ca in postpartum cows (i.e., 

both decreases in the immediate postpartum). In late-lactation, non-pregnant cows, intravenous 

infusions of 5-hydroxy-L-tryptophan (the serotonin precursor), decreased serum Ca 

concentrations and urinary excretion with a concomitant increase in milk Ca in an acute fashion 
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(2 h after infusion). It is possible that for some cows a mismatch in the rate of Ca transport by 

mammary epithelia cells and PTHrP production could occur (maybe due to suboptimal 

concentrations of the serotonin precursor). If true, a sub-population of cows with an increased Ca 

transport at the mammary gland-level, combined with an inefficient PTHrP production rate, 

could have increased risk of postpartum hypocalcemia. Epidemiological data evaluating the 

patterns of 5-hydroxy-L-tryptophan, serotonin and PTHrP with serum Ca in the postpartum cow 

are warranted. 

 

Subclinical hypocalcemia 

 For definition purposes, one should classify SCH as low serum or plasma Ca 

concentrations associated with periparturient health disorders, and/or poorer production and 

reproduction outcomes without associated signs of early-postpartum paresis. The complicating 

factor is that there is no consensus in the literature at to how (i.e., what cut-point to use) and 

when to classify the disorder in relation to parturition, as different days-in-milk (DIM) can affect 

the association of SCH with specific disorders (i.e., lower Ca concentration as a cause or the 

consequence of a disorder). In addition, some studies have used either tCa or iCa to model the 

potential associations, which do not necessarily result in the same conclusions. The reader must 

be aware that just in recent years, SCH is being characterized. 

 Descriptive data published on the potential prevalence of SCH obtained from 1,462 dairy 

cows in 480 dairy herds participating in the 2002 Dairy National Animal Health Monitoring 

Survey across 21 states in the U.S., revealed a high prevalence of the disorder (Reinhardt et al., 

2011); this study used a cut-point of serum tCa <2.0 mmol/L collected within 48 h of parturition, 

which was chosen based on one unit below the normal serum biochemical range described by the 
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Merck Veterinary Manual. This cut-point resulted in 25% of primiparous cows and an average of 

50% of multiparous cows being classified as having abnormal serum tCa concentrations. The 

United States and Health Department authors concluded that SCH was an underappreciated 

condition requiring further studies. A number of publications have been published before and 

since then, and as in any scientific topic, some studies demonstrate SCH associations with 

detrimental outcomes, while others fail to support this notion. A detailed review of these studies 

will be given with a collective explanation of their validity. 

 In dairy science, it seems that the first study that initiated categorization of blood Ca 

concentrations in the early postpartum was done in an attempt to more qualitatively assess a 

dietary preventative strategy to decrease clinical hypocalcemia (i.e., addition of ammonium 

chloride and sulfate to decrease the dietary DCAD-level) (Oetzel et al., 1988). That study 

instituted a classification of “parturient hypocalcemia” based on a serum iCa <4.0 mg/dL (1.0 

mmol/L) on the day of calving (the exact time-frame relative to calving was not mentioned), 

which included cows with and without signs of paresis. Later, Oetzel et al. (1996) in an effort to 

evaluate the efficacy of a Ca chloride gel product in decreasing parturient hypocalcemia, used a 

classification scheme  based on a serum tCa concentration <8.0 mg/dL (2.0 mmol/L) collected 

within 18 to 24 h after calving. Around that same time, Goff et al. (1996) compiled data from 3 

field trials (2 performed in herds with Holsteins and 1 performed in a Jersey herd) evaluating the 

effect of an oral Ca propionate product administered in the postpartum period. Similarly to 

Oetzel et al. (1996), as a means to assess product efficacy in decreasing subclinical 

hypocalcemia, the authors created a cut-point based on the following criteria: normal blood Ca 

concentration for cows were considered to be the mean ± 2 SD of the concentrations estimated 

from 12 non-pregnant, non-lactating Jersey cows, and the value just below 2 SD of the mean was 
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considered their cut-point, which was tCa ≤7.5 mg/dL (1.87 mmol/L). Incidence of SCH at 12 

and 24 h after parturition was reduced in the treated as compared to the control groups. Efforts to 

categorize SCH in earlier studies could have been enhanced if more formal statistical analyses 

were performed to associate the disorder with negative downstream outcomes. However, those 

studies may have been considerably limited by the number of animals present in their datasets to 

more fully characterize the disorder; however, to the best of their ability, these studies made an 

effort to define and demonstrate the challenges of the dairy cow to maintain optimum Ca balance 

in the early postpartum period. Some observational studies in SCH have used these cut-points in 

an attempt to find associations with negative health and production outcomes, while others tried 

to develop more formal approaches to detect associations. 

 

Effect of SCH on left displacement of the abomasum 

 Massey et al. (1993) was the first cohort study done to evaluate the potential association 

of SCH at parturition with one detrimental health outcome, left displaced abomasum (LDA). In a 

dataset containing 510 cows from 1 herd in FL, SCH was categorized as serum tCa <7.9 mg/dL 

(citation was based on Oetzel et al. (1988) study; it is likely that the “<” sign instead of the“≤” 

may have been a typo). The cows categorized as SCH were 4.8 times more likely to be 

diagnosed with LDA than their counterparts. Chamberlin et al. (2013) using a cut-point for SCH 

classification based on iCa <1.0 mmol/L within 24 h of parturition in 100 Holstein cows from a 

university herd, did not find any associations with LDA. A large observational study involving 

55 herds in the U.S. and Canada demonstrated that cows with a serum tCa concentration ≤2.35 

mmol/L 1 week (wk) before parturition or ≤2.2 mmol/L within the 1
st
 wk after calving had 

increased odds of LDA (Chapinal et al, 2011). LeBlanc et al. (2005) did not find any associations 
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of tCa in the week preceding calving and within the 1
st
 wk after calving with LDA, as fatty acids 

were found to be more predictive of the disorder. It is important to note that the work performed 

by Chapinal et al. (2011) took into account 2 markers associated with excessive negative energy 

balance, fatty acids and β-hydroxybutyrate (BHB), and the LDA models still demonstrated that 

tCa was an important predictor of LDA. 

 One important aspect to take into consideration is that as Ca and energy balance are quite 

variable in the periparturient cow and vary depending on the day relative to parturition. 

Therefore, potential associations between metabolites are also expected to change depending on 

the specific details of each dataset (e.g., number of animals within parities sampled at a specific 

DIM, extent of negative energy and Ca balance between parities, prevalence of the outcomes 

measured, disease definitions, etc.). More rigorous sampling time-points are necessary to 

accurately evaluate the effect of Ca in relation to the most common postpartum health disorders 

of dairy cows. 

 

Effect of SCH on retained placenta and metritis 

 Melendez et al. (2006) in a study performed with 152 Holstein cows from 1 herd with a 

historically high incidence of retained placenta (RP), found that cows classified as SCH (based 

on a blood sample collected within 6 h of parturition, and using a cut-point of tCa ≤1.87 mmol/L 

(7.5 mg/dL) were 1.7 times more likely to develop RP than cows with tCa >7.5 mg/dL. Chapinal 

et al. (2011) found that tCa measured 1 week before parturition was not a risk factor for RP. 

More recently, Rodriguez et al. (2017) demonstrated that cows with serum tCa ≤2.14 mmol/L 

(classification based on Martinez et al. (2012) with samples collected within 24 and 48 h 

postpartum) had increased odds of being diagnosed with RP and metritis. However, as the 
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exposure factor (i.e., serum tCa) was measured after RP definition (within 12 h of parturition), 

this association should not be interpreted as a causative effect and needs to be cautiously 

evaluated given the timeframe of exposure and event classification. 

 Chamberlin et al. (2013) did not find any associations of SCH with RP or metritis based 

on an iCa cut-point of <1.0 mmol/L within 24 h of parturition. Martinez et al. (2012) in a 

matched cohort analysis (low risk versus high risk group of cows for developing metritis; high 

risk group = cows having a stillbirth, and/or dystocia, and/or RP) found that SCH-classified cows 

had a greater risk of developing metritis. Their cut-point for SCH was derived based on a 

Receiver Operating Characteristic (ROC) curve, with the predictor being the lowest tCa 

concentration collected within 0-3 DIM. The cut-point that maximized the sensitivity and 

specificity for prediction of metritis was tCa ≤8.59 mg/dL. It is possible that a ‘block’ effect has 

confounded their results as ROC analysis does not take that into account. Well-established 

epidemiological data demonstrates that twins, stillbirth, dystocia and RP are risk factors for 

metritis, and low tCa is more likely a consequence of those disorders (Curtis et al., 1983; Curtis 

et al., 1985; Correa et al., 1993). Supporting evidence is that the dataset from Martinez et al. 

(2012) demonstrates no difference in tCa (in a continuous scale) between the high risk versus the 

low risk groups or the metritic and non-metric cows. Thus, their findings associating metritis 

with low tCa in a range of DIM (i.e., within 0-3 DIM) may be due to a secondary other than 

primary hypocalcemia. However, their dataset does demonstrate the possibility that SCH at 

calving may not be the best time-point for categorization of the disorder. More recently, Wilhelm 

et al. (2017) found that organically managed cows with a serum tCa concentration ≤2.0 mmol/L 

within 2 h of parturition (based on a ROC analysis) had increased odds of metritis. Comparisons 

of blood Ca balance in traditional versus organically-managed herds have not been done and 
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merits investigation. 

 

Effect of SCH on milk production 

 Using the same dataset of cows from a large multi-site study published in 2011, Chapinal 

et al. (2012) also demonstrated that cows with tCa ≤2.1 mmol/L at 1 wk before calving, and at 

1,2, and 3 weeks after calving had decreased milk production across the first 4 Dairy Herd 

Improvement Association (DHIA) tests. Data from other previously cited studies found no 

associations of tCa with milk production (Chamberlin et al., 2011; Rodriguez et al., 2017; 

Wilhelm et al., 2017). However, there are data demonstrating positive effects of lower 

postpartum tCa in regards to milk production. Using a small dataset, Jawor et al. (2012) 

classified SCH based on a serum tCa concentration ≤1.8 mmol/L (according to Goff et al., 1996) 

collected within 24 h of parturition, and demonstrated that SCH-classified mature cows (parity 

≥3) produced more milk in early-lactation than the non-SCH mature cows. Gild et al. (2015), 

using a very similar SCH classification scheme as Jawor et al. (2012), found that SCH Israeli 

Holstein cows produced more milk for up to the first 6 monthly test-day measurements than their 

normocalcemic-classified counterparts. 

 

Effect of SCH on reproduction 

 In general, reproductive performance is commonly measured as pregnancy to first 

service, and time to pregnancy within a pre-determined risk-period (e.g., 150 DIM). As the 

ability of the cow to demonstrate estrus is also of great importance for optimal reproductive 

performance, some studies evaluated tCa in relation to return to estrus after parturition. Different 

studies have evaluated different reproductive outcomes, which is a complicating factor in the 
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direct comparison between studies. No effects of tCa on pregnancy to first service or time to 

pregnancy were found in studies that classified SCH closer to parturition (Chamberlin et al., 

2011; Gild et al., 2015; Rodriguez et al., 2017; Wilhelm et al., 2017). Caixeta et al. (2017) 

demonstrated a negative impact of an extended duration of SCH (tCa <8.6 mg/dL during the first 

3 DIM; cut-off based on Martinez et al. (2012)) in reproductive cyclicity and time to pregnancy. 

The analyses performed by those authors did not demonstrate any reproductive effect if cows had 

tCa <8.6 mg/dL at any one time-point within 3 DIM as compared to cows that had tCa above the 

cut-point for the first 3 DIM. 

 Chapinal et al. (2012) evaluated the odds of pregnancy to 1
st
 service, and found that cows 

with tCa >2.3 mmol/L at 1 wk before parturition had 1.5 times higher odds of pregnancy; cut-

points varied for wk 1,2, and 3 after parturition and were as follows: >2.2, >2.3, and >2.4 

mmol/L at wk 1, 2, and 3, respectively. Ribeiro et al (2013) found that cows in 2 seasonally 

calving grazing herds in FL classified as SCH with tCa ≤2.14 mmol/L (based on Martinez et al., 

2012) at approximately the first wk of the postpartum, were less likely to be cyclic in early 

lactation, as based on ovarian ultrasound assessments on d 35 and 49 postpartum, though that 

cut-point had no impact on pregnancy to first service. 

 

Research Objectives  

 Hopefully the reader can appreciate that the dairy literature is deficient in standardization 

of SCH-classification across studies, which could impair the ability of some to find diseases and 

production parameters associated with the disorder. However, it is evident that more 

investigations are needed to assess the potential differences in associations of SCH and health 

and production outcome depending on the classification of the disorder at different time-points 
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relative to parturition. The first 2 manuscripts presented in this dissertation are an attempt to 

demonstrate the true associations of peripartum plasma Ca concentrations with common early-

lactation health disorders, reproduction, and milk production outcomes in large cohort studies. 

The third manuscript presents work on a potential ISE Ca-module device for measurement of iCa 

cow-side.  
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ABSTRACT 

 Our study objectives were to evaluate the association of prepartum plasma Mg 

concentrations with subclinical hypocalcemia (SCH) classification at parturition and to evaluate 

the association of other cow-level risk factors with SCH classification at calving or at 2 d in milk 

(DIM). A total of 301 animals from 2 dairy herds located in New York were enrolled in a cohort 

study. Blood samples were collected at approximately 1 wk before the expected calving date, 

within 4 h of calving, and at 2 DIM. Prepartum samples had plasma macromineral concentrations 

(Ca, K, Mg, P), albumin, and BHB analyzed. Samples collected at calving were analyzed for Ca 

only, and samples from 2 DIM had macrominerals and albumin concentrations determined. 

Postpartum SCH was defined as Ca concentrations ≤2.1 mmol/L. The prevalence of SCH at 

calving was 2%, 40% and 66% for first, second and third or greater parities, respectively. Only 

4% of cows could be classified with prepartum subclinical hypomagnesemia (Mg concentrations 

<0.8 mmol/L), which did not provide enough power to appropriately determine the association of 

plasma Mg with postpartum Ca concentrations and its impact on SCH classification. Multiparous 

cows with Ca concentrations ≤2.4 mmol/L in the prepartum period and third or greater parity 

cows had a higher risk of being categorized as SCH at calving (relative risk (RR) = 1.4 and 1.7, 

respectively). The risk of SCH at 2 DIM was associated with the interaction of Ca status at 

calving and lameness score. Non-lame cows with Ca concentrations ≤2.1 mmol/L (RR = 3.2) and 

normocalcemic lame cows at parturition (RR = 3.4) were more likely to be SCH at 2 DIM 

compared to non-lame normocalcemic cows. In conclusion, we identified a prepartum Ca cut-

point for identification of cows that are more likely to be classified as SCH at calving. Different 

risk factors were associated with SCH depending on the timing of diagnosis relative to 

parturition. 
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INTRODUCTION 

 Advances in dairy cattle nutrition and management have significantly minimized dietary 

macromineral imbalances capable of causing clinical deficiencies. However, subclinical 

disorders still influence dairy cow health and performance, as the hormonal and metabolic 

adaptations associated with the dry period and the onset of lactation can influence macromineral 

homeostasis. Subclinical hypocalcemia (SCH) has been demonstrated to be a prevalent condition 

across herds in the U.S. (Reinhardt et al., 2011), urging scientists to better define risk factors 

associated with this condition to optimize preventative strategies. 

 Blood Ca concentrations reach a nadir at approximately 12 to 24 h after calving (Goff, 

2008), with animals that are more predisposed to metritis having the lowest concentrations 

between 24 and 48 h after parturition (Martinez et al., 2012). Thus, SCH classification might be 

dependent on the timing of sampling relative to parturition. The risk factors associated with SCH 

relative to the timing of diagnosis have not yet been elucidated, and studies in the topic are 

warranted. 

 Prevention of hypocalcemia is largely focused on dietary means, in which restriction of 

cations (mainly sodium and potassium) with or without addition of anions in the close-up diet are 

often employed (NRC, 2001). For the periparturient cow, Mg status also has a major effect on Ca 

metabolism. Hypomagnesemia is a well-known risk factor for clinical hypocalcemia (Sansom et 

al., 1983; Lean et al., 2006), and lower prepartum dietary Mg levels are implicated in lower Ca 

mobilization rates at parturition (van de Braak et al., 1987). In addition, parathyroid hormone 

secretion and 1,25-dihydroxyvitamin D metabolism have been shown to be impaired in Mg-

depleted individuals (Fatemi et al., 1991). Therefore, Mg is often implicated as a contributor to 

SCH; however, the contribution of lower prepartum plasma Mg concentrations as a risk factor 
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for SCH has not yet been quantified in an observational trial. 

 Our first objective was to study the association of prepartum plasma Mg concentrations 

with the risk of cows being classified as SCH at parturition. In addition, we aimed to determine if 

different risk factors are associated with SCH diagnosis depending on the timing of blood 

sampling relative to calving. 

 

MATERIALS AND METHODS 

Study Population 

 The study was carried out on 2 dairy herds located in Cayuga County, NY from 28 April 

until 20 August 2015 (Herd A) and 16 July until 11 November 2015 (Herd B). Farm enrollment 

criteria included: herd size equal or greater than 1,000 lactating cows, participation in monthly 

DHIA testing, and on-farm recording of animal health, production, and reproduction events. The 

study was approved by the Cornell University Institutional Animal Care and Use Committee 

(protocol 2014-0171). Herd A milked 1,475 cows 3 times per d and averaged 38.5 kg/d of milk 

per cow. Herd B milked 1,700 cows 3 times per d until approximately 140 DIM, then 2 times per 

d until dry off, and averaged 37 kg/d of milk per cow. 

 Animals were housed in freestall barns with concrete floors and fed a total mixed ration 

in both herds. Samples of prepartum and postpartum rations were collected weekly and frozen. 

At the end of the trial, samples were dried at 55
o
C for 48 h and ground through a 2-mm Wiley 

mill (Thomas Scientific, Swedesboro, NJ). In Herd A, samples were composited over the 

duration of the study. In Herd B, 2 composites of the prepartum rations were created to represent 

diets fed before and after removal of supplemental anions that occurred partway through the 

enrollment period. Samples were submitted to a commercial laboratory (Cumberland Valley 
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Analytical Services, Hagerstown, MD) for wet chemistry analysis with methods as described by 

McCarthy et al. (2015a). Average diet composition and chemical analyses for prepartum and 

postpartum diets of both herds on a dry matter (DM) basis are presented in Table 2.1. 

 

Study Design and Data Collection 

 A retrospective cohort study was performed as part of a larger randomized clinical trial, 

in which cows were randomly allocated at calving to either a treatment group with oral Ca 

supplementation or a control group with no treatment-intervention. For this observational study, 

only cows assigned to the control group were eligible for inclusion. A sample size of 295 total 

cows was estimated based on a 25% prevalence of prepartum subclinical hypomagnesemia and 

at least a 20% difference in SCH incidence between the normomagnesemic (unexposed) and the 

subclinically hypomagnesemic (exposed) groups for a study with 80% power and a 5% 

significance level. Calculations were performed using OpenEpi version 3.01 (Atlanta, GA). 

 Animals had a blood sample collected within 4 h of calving which was performed by 

trained farm personnel. Cows were excluded if they had a Ca treatment in the first 2 DIM (n=13) 

as timing of treatment relative to sampling could not be determined. Study personnel visited each 

herd daily at the same time of the day. Locomotion scoring was performed at 3 DIM by the first 

author for all animals in the study on a 1 to 5 scale (Sprecher et al., 1997).  

 Blood was sampled from each cow via puncture of the coccygeal vessels into lithium 

heparin vacutainer tubes (Greiner Bio-One, Monroe, NC) once weekly starting at approximately 

260 d of gestation, within 4 h of calving, and at 2 DIM. Prior to the start of the study, 

macromineral stability of unseparated bovine blood samples was determined to be dependent on 

the temperature of transportation when delayed blood separation occurs. Potassium 
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concentrations were overestimated in blood samples transported at 4
o
C and stable at 22

o
C (Neves 

and Stokol, unpublished results). No differences in Ca, Mg, and P concentrations were observed 

in samples transported at 4
o
C or 22

o
C. Given these results, blood samples were transported from 

the farm to Cornell University at 22
o
C. At arrival, prepartum blood samples had BHB measured 

with the Precision Xtra meter (Abbott Laboratories, Lake Bluff, IL). Blood was then centrifuged 

at 1,000 x g for 10 min and plasma harvested and stored at -80
o
C within 6 h of collection for 

later macromineral analysis.  

 At study completion, the plasma samples collected at approximately 1 wk before 

parturition (range of 4 to 10 d before calving with median of 7 d), within 4 h of calving, and at 2 

DIM were submitted to the New York State Animal Health and Diagnostic Laboratory for 

measurement of macrominerals and albumin. For prepartum and 2 DIM samples, total Ca, Mg, 

K, P, and albumin concentrations were measured, whereas only total Ca was measured on 

samples collected within 4 h of parturition. All biochemical tests were done on a high throughput 

automated analyzer (Hitachi Modular P800, Roche Diagnostics, Indianapolis, IN) with reagents 

from Roche Diagnostics (Indianapolis, IN). Controls were assayed daily according to 

manufacturer’s recommendations to ensure appropriate method performance.  
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Table 2.1 Ingredients and chemical composition of the prepartum and postpartum diets  

Item Prepartum Postpartum 

 
Herd A Herd B Herd A Herd B 

 Period 1
1 

Period 2
1 

  

Ingredients (%; DM basis)      

Corn silage 51.40 39.81 37.18 38.08 40.96 

Haylage ─ 22.48 20.37 10.50 11.50 

Dry hay 22.35 ─ ─ 0.53 2.37 

Wheat straw ─ 9.24 8.50 ─ ─ 

Ground corn grain 6.90 ─ 1.13 19.58 8.77 

Canola meal 6.21 6.92 6.50 9.38 5.81 

Soybean meal ─ ─ ─ 1.15 1.95 

Bloodmeal 2.53 1.03 0.95 0.86 1.57 

Whole cottonseed ─ ─ ─ 6.15 ─ 

Wet brewers grains ─ ─ ─ 4.03 ─ 

Citrus pulp ─ ─ ─ ─ 5.28 

Distillers grains ─ 1.84 7.84 ─ 3.88 

Corn germ meal ─ 3.12 3.69 ─ 4.09 

Corn gluten feed ─ ─ ─ 0.86 ─ 

Soybean hulls 0.07 ─ 5.03 ─ 3.20 

Wheat midds 0.07 ─ ─ 1.20 3.55 

Bakery or chocolate by-product ─ 7.21 3.93 ─ 1.39 

SoyPlus
2 

1.08 ─ ─ 1.60 ─ 

SoyChlor
2 

─ 4.07 ─ ─ ─ 

Amino Plus
3 

─ ─ ─ ─ 0.52 

Urea 0.12 ─ ─ 0.53 0.53 

Lactose ─ ─ 1.93 ─ 0.26 

Dextrose ─ 0.27 ─ ─ ─ 

Molasses ─ 0.78 ─ ─ 0.52 

BioChlor
4 

1.21 ─ ─ ─ ─ 

Animate
5 

2.02 ─ ─ ─ ─ 

Calcium sulfate 0.40 0.98 0.64 ─ ─ 

Magnesium sulfate 0.40 ─ ─ ─ ─ 

Magnesium oxide ─ 0.12 0.32 0.11 0.12 

Min-Ad
6 

0.80 ─ ─ 0.45  

Commercial AA supplements    0.26 0.12 

Commercial fat supplements ─ ─ 0.85 0.85 1.22 

Vitamins, minerals and additives 4.33 2.13 1.17 3.85 2.39 

Rumensin
7 

0.12 0.009 ─ 0.04 0.007 

Chemical analysis (%; DM basis)      

Starch 22.1 15.7 17.5 25.2 20.5 

CP 14.3 15.2 14.2 17.4 16.3 

Fat 3.22 4.73 4.47 5.72 4.64 

NFC 35.2 31.1 33.3 37.0 39.6 

NDF 40.4 40.8 43.2 34.1 34.4 



57 
 

 

 

 

 

 

 

1
For Herd B, period 1 represents the prepartum diet from the start of the study until 21 

September 2015 when the diet was supplemented with anionic salts. Period 2 represents the 

prepartum diet from 22 September 2015 until the end of the study, during which supplemental 

anions were no longer supplemented in the diet. 

2 
West Central, Ralston, IA. 

3
Ag Processing, Inc., Omaha, NE.

  

4
Church & Dwight Co., Inc., Princeton, NJ. 

5 
Phibro Animal Health, Corp., Quincy, IL. 

6 
MIN-AD, Inc., Winnemucca, NV. 

7 
Elanco Animal Health, Greenfield, IN. 

8 
Calculated as [(Na % of DM/0.023) + (K % of DM/0.039)] – [(S % of DM/0.016) + (Cl % of 

DM/0.0355)]. 

 

Statistical Analyses 

 All statistical analyses were performed in SAS version 9.4 (SAS Institute Inc., Cary, NC). 

Descriptive statistics were performed using the FREQ and MEANS procedure. Postpartum SCH 

was defined as a plasma concentration ≤2.1 mmol/L (8.4 mg/dL) (Chapinal et al., 2012).  

ADF 26.8 27.9 28.5 22.1 22.6 

Lignin 4.18 4.64 4.42 3.69 3.88 

Ca 1.78 1.48 0.86 1.09 1.03 

P 0.40 0.39 0.38 0.44 0.40 

Mg 0.45 0.39 0.36 0.37 0.28 

K 1.12 1.81 1.49 1.37 1.36 

Cl 0.63 0.77 0.39 0.57 0.54 

Na 0.18 0.12 0.12 0.45 0.46 

S 0.41 0.36 0.29 0.29 0.25 

NEL (Mcal/kg) 1.50 1.52 1.59 1.70 1.65 

DCAD (mEq/100g DM)
8 

-6.9 7.3 14.1 20.9 23.7 
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 Effect of prepartum plasma Mg concentrations with SCH at parturition. A receiver 

operating characteristic (ROC) curve was built using the LOGISTIC procedure to determine 

whether Mg concentrations in the prepartum period were associated with SCH at calving and 

whether different cut-points could better discriminate the outcome. Prepartum subclinical 

hypomagnesemia was later classified as a plasma concentration <0.8 mmol/L (Goff, 2008), and 

this categorization was used to describe the prevalence of the condition in the cohort under study. 

 Risk factors associated with SCH classification at parturition and at 2 DIM. The 

outcomes of interest were the likelihood of cows being classified as SCH at parturition (i.e., 

blood sampling performed within 4 h of calving) or at 2 DIM. Parity was divided into 1
st
, 2

nd
, 

and 3
rd

 or greater lactations, and prepartum BHB categorized into <0.6 mmol/L and ≥0.6 mmol/L 

(Tatone et al., 2016). As SCH at calving was a rare event for primiparous animals (n = 2), they 

were removed from further analyses. Locomotion scoring was considered as a categorized 

predictor for both outcomes (i.e., scores 1 and 2 as normal; 3 or higher as lame). We assumed the 

locomotion score collected at 3 DIM was representative of the locomotion score one week before 

calving. Calving difficulty was classified as 0 (small to no assistance) or 1 (dystocia). Twinning 

and stillbirth were also considered as predictors. 

 For the biochemical results, prepartum total Ca, Mg, K, P, albumin, and BHB 

concentrations were considered as potential predictors of SCH in the postpartum. For both 

models, continuous variables (prepartum Ca, Mg, K, P, and albumin) were checked for 

normality. Data categorization was performed whenever non-linear distributions were identified 

for the different models. Each variable was examined for association with the outcomes of 

interest using contingency tables and the Chi-square statistic for 2-level variables. Univariate 

logistic regression was used for continuous variables or categorical variables with more than 2 
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levels using the LOGISTIC procedure. All variables with a univariate association with the 

outcome at P ≤ 0.25 were considered as covariates. Predictors were only considered in the 

continuous scale if they were normally distributed and had a linear association with the outcome 

of interest in the logit scale as determined by linear splines with three knots (Hosmer, 2013). 

Only prepartum P concentrations were considered in the continuous scale, whereas Ca, Mg, K, 

and albumin were categorized into quartiles. The categorized prepartum Ca variable based on 

quartiles was significant in one of the models (SCH at calving only), though it was re-

categorized to a dichotomous variable representing Ca concentrations ≤2.4 mmol/L (9.6 mg/dL) 

or >2.4 mmol/L in the final model to facilitate interpretation. The cut-point chosen was based on 

the threshold that maximized the sensitivity and specificity of the prediction as based on ROC 

analysis (area under the curve = 0.61). Subclinical hypocalcemia classification at calving was 

considered as a predictor for the second model evaluating SCH at 2 DIM after the categorized 

variable representing prepartum Ca concentrations was determined not to be significant for this 

time-point. 

 For both outcomes, Poisson models were fitted with the GENMOD procedure with a log 

link and Poisson distribution. Herd was treated as a fixed effect. A manual backward stepwise 

selection elimination process was used to build the final models. Variables that caused more than 

20% change in the estimates of one or more predictors were retained as confounders. Herd and 

parity were considered confounders a priori and retained in the final models regardless of P-

value. Pairwise interactions among all combinations of the predictors were tested in the final 

model and kept if significant (P ≤ 0.05). Goodness of fit tests based on Deviance and Pearson 

Chi-square statistics of the final models indicated model underdispersion. Therefore, relative risk 

(RR) estimates were adjusted for underdispersion by fitting a modified Poisson regression using 
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robust error variances (Zou, 2004). All P-values reported are for type III analysis. Even though 

the prepartum ration was modified partway through the trial in Herd B, SCH incidence was not 

different between periods (i.e., before and after the ration change; P = 0.59). In addition, a 3-

level categorical variable was created to test for the effect of the diet change on the overall model 

predictabilities. No changes on the final coefficients were observed if the variable was 

considered as 2-level (herd) or as 3-level (study-period) in the final models. Thus, final models 

report herd as a 2-level variable. 

 

RESULTS 

 In total, 301 animals were enrolled in the study (92 from Herd A and 209 from Herd B). 

First lactation animals represented 35.5% (n=104) of the population, whereas 28.0% (n=84) and 

37.5% (n=113) were in second and third or greater lactations, respectively. The total Ca results 

of 5 animals (2 primiparous and 3 multiparous) collected within 4 h of parturition were not 

included in the analysis due to severe hemolysis. Plasma Ca concentrations within 4 of 

parturition and at 2 DIM are presented in Figure 2.1. The prevalence of SCH at calving in the 

remaining 296 animals was 2% (2/102), 40% (34/84), and 66% (73/110) for first, second, and 

third or greater parities, respectively. Plasma macromineral status for multiparous animals and by 

SCH classification at calving is reported in Table 2.2.  
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Figure 2.1. Distribution of plasma Ca concentrations collected within 4 h of parturition and at 2 

DIM for 194 multiparous Holstein cows. Median and interquartile ranges (25
th

 and 75
th

 

percentile) are overlaid at each time-point. 
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Table 2.2. Plasma macromineral status at approximately 1 wk prepartum, within 4 h of 

parturition, and at 2 DIM for all multiparous cows (n = 194) enrolled in the study stratified as 

normocalcemic (Ca >2.1 mmol/L; n = 87) or subclinically hypocalcemic (SCH; Ca ≤2.1 

mmol/L; n = 107) based on a blood sample collected within 4 h of calving
1 

 

 All multiparous cows
 

Normocalcemic SCH 

Plasma analytes Mean (SD) Mean (SD) Mean (SD) 

Prepartum    

Ca, mmol/L 2.44 (0.12) 2.46 (0.09) 2.42 (0.14) 

Mg, mmol/L 0.94 (0.09) 0.93 (0.08) 0.94 (0.08) 

K, mmol/L 4.26 (0.29) 4.30 (0.27) 4.24 (0.30) 

P, mmol/L 1.93 (0.25) 1.96 (0.24) 1.90 (0.25) 

BHB, mmol/L 0.51 (0.19) 0.48 (0.15) 0.55 (0.21) 

Albumin, g/dL 3.42 (0.25) 3.43 (0.20) 3.41 (0.29) 

Within 4 h of parturition
2 

   

Ca, mmol/L 2.05 (0.25) 2.25 (0.11) 1.88 (0.21) 

DIM 2    

Ca, mmol/L  2.10 (0.25) 2.18 (0.23) 2.03 (0.26) 

Mg, mmol/L 0.94 (0.16) 0.94 (0.13) 0.94 (0.18) 

K, mmol/L 4.24 (0.35) 4.25 (0.29) 4.23 (0.39) 

P, mmol/L 1.54 (0.37) 1.62 (0.39) 1.47 (0.35) 

Albumin, g/dL 3.25 (0.28) 3.26 (0.26) 3.26 (0.29) 
1
First parity animals are not included in the table due to their low incidence of SCH

 

2
Total Ca results from 3 multiparous animals were excluded from analysis due to hemolysis. 

 

Plasma Mg Association with SCH at parturition 

 There was no association between prepartum Mg concentration and SCH classification at 

parturition. The area under the curve for the ROC was 0.51 (i.e., no discrimination). Only 13 

animals (5 primiparous and 8 multiparous; 4%) were classified as subclinically hypomagnesemic 

in the prepartum. 

 

Variables Associated with SCH Classification at Parturition 

 Prepartum total Ca status, parity, and herd were significant predictors of SCH 
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classification at calving (Table 2.3). Independent of parity, multiparous animals with blood Ca 

concentrations ≤2.4 mmol/L in the prepartum period were 40% more likely to be classified as 

SCH at parturition than cows with Ca concentrations >2.4 mmol/L. In addition, animals in their 

third or greater parities were 70% more likely to be classified as SCH than second lactation 

animals. Cows in Herd B were 50% more likely to be classified as SCH than animals in Herd A. 

 

Table 2.3. Final Poisson regression model evaluating risk factors associated with subclinical 

hypocalcemia classification within 4 h of parturition in 194 multiparous cows 

 

Parameter Estimate SE P-value RR
1 

95% CI 

Parity      

2  Ref
2 

─ ─ ─ ─ 

≥3  0.53 0.16 <0.001 1.7 1.2 to 2.3 

Herd      

A Ref
 

─ ─ ─ ─ 

B 0.40 0.18 0.02 1.5 1.1 to 2.1 

Prepartum Ca      

>2.4 mmol/L Ref
 

─ ─ ─ ─ 

≤2.4 mmol/L 0.33 0.12 0.001 1.4 1.1 to 1.8 
1
Relative risk. 

2
Reference category (i.e., the value to which the variable-level is being compared to while 

controlling for the effect of the other predictors in the model). 

 

Variables Associated with SCH Classification at 2 DIM 

 Table 2.4 summarizes the final model evaluating the risk factors of SCH classification at 

2 DIM. Parity was not a significant predictor of SCH classification at 2 DIM and diagnosis of a 

retained placenta had borderline importance. A locomotion score by Ca status at calving 

interaction was found in the final model. For normocalcemic animals at calving, being lame was 

associated with a 3.2 times increased risk of being diagnosed as SCH at 2 DIM compared to non-

lame normocalcemic cows. Non-lame SCH cows at calving had an increased risk for maintaining 
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their SCH state at 2 DIM. Lameness and SCH at calving together were associated with a 3.4 

times increased risk of SCH at 2 DIM when compared to non-lame normocalcemic cows. 

 

Table 2.4. Final Poisson regression model evaluating risk factors associated with subclinical 

hypocalcemia classification (SCH) at 2 DIM in 194 multiparous cows 

 

Parameter Estimate SE P-value RR
1
 95% CI 

Parity      

2 Ref
2 

─ ─ ─ ─ 

≥3 0.14 0.18 0.42 1.1 0.8 to 1.6 

Herd      

A Ref
 

─ ─ ─ ─ 

B 0.13 0.20 0.52 1.1 0.8 to 1.7 

Retained placenta      

No Ref
 

─ ─ ─ ─ 

Yes 0.42 0.19 0.06 1.5 1.0 to 2.2 

Locomotion score      

Not lame Ref
 

─ ─ ─ ─ 

Lame 1.15 0.37 0.006 ─ ─ 

SCH at parturition      

No (Ca >2.1 mmol/L) Ref
 

─ ─ ─ ─ 

Yes (Ca ≤2.1 mmol/L) 1.22 0.35 <0.001 ─ ─ 

Locomotion score*SCH at parturition      

Ca >2.1 mmol/L and not lame Ref
 

─ ─ ─ ─ 

Ca >2.1 mmol/L and lame 1.15 0.37 0.002 3.2 1.5 to 6.5 

Ca ≤2.1 mmol/L and not lame 1.17 0.37 0.001 3.2 1.6 to 6.5 

Ca ≤2.1 mmol/L and lame 1.22 0.35 <0.001 3.4 1.7 to 6.7 
1
Relative risk. 

2
Reference category (i.e., the value to which the variable-level is being compared to while 

controlling for the effect of the other predictors in the model). 

 

DISCUSSION 

 The first objective of our study was to evaluate the association of prepartum plasma Mg 

concentrations on the risk of SCH classification at parturition. We found no association of 

prepartum plasma Mg concentrations with SCH; however, the low prevalence of prepartum 

subclinical hypomagnesemia most likely impaired our ability to find any association. Even 
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though Mg might contribute to SCH in herds using lower Mg feeding rates or sources with 

poorer bioavailability, the adequate Mg feeding rates at both herds included in this trial may have 

impaired our ability to find any associations between both macrominerals. Lean et al. (2006) 

predicted a considerable reduction in the risk of clinical hypocalcemia by increasing Mg feeding 

rates from 0.3% to 0.4% DM. As discussed by Goff (2008), increased Mg in prepartum diets can 

lessen the occurrence of hypocalcemia due to Mg deficient states. Observational studies using 

herds that have a higher variability in plasma prepartum Mg concentrations are needed to better 

establish the potential contribution of subclinical Mg deficiency to SCH. 

 To our knowledge, this was the first study to evaluate risk factors associated with SCH 

classification at 2 different time-points relative to calving. We found that different variables were 

associated with each outcome, indicating that the timing of blood sample collection for SCH 

classification is important. Prepartum cows with Ca concentrations <2.4 mmol/L at 

approximately 1 wk before calving had an increased risk of being classified as SCH at 

parturition. A few studies have established the importance of SCH as a risk factor for negative 

health and production outcomes, though categorization of SCH differs between them. Chapinal 

et al. (2012) demonstrated that cows with serum Ca concentrations ≤2.1 mmol/L at weeks 1, 2 

and 3 postpartum produced 2.6, 4.8, and 7.1 kg less of milk per day, respectively, when 

compared to normocalcemic animals. Martinez et al. (2012) categorized SCH based on the 

lowest Ca concentration among 4 serum samples collected at DIM 0 through 3 using a cut-point 

<2.15 mmol/L and found that SCH cows were more likely to develop metritis. Our results 

combined with those of previous studies suggest that both the timing of SCH diagnosis and the 

threshold used for SCH classification are important descriptors of the disease. 

 Differences in prepartum diets between the studied herds can help explain the increased 
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risk of SCH classification at calving for Herd B. Herd A was feeding a lower dietary cation-

anion difference (DCAD) diet, whereas Herd B fed a mild positive DCAD diet. Urine pH was 

not measured for the cows in the study and the degree to which the DCAD diets induced a 

metabolic acidosis is unknown. The use of a lower DCAD diet capable of causing a compensated 

metabolic acidosis has been shown to create a marginal increase in the blood ionized Ca pool 

(Charbonneau et al., 2006) and affect Ca turnover rates. A faster response to a sudden increase in 

Ca demands at parturition is thought to be improved during chronic acidotic states due to its 

influence on increased bone resorption (Block, 1984; LeClerc and Block, 1989), vitamin D 

metabolism (Gaynor et al., 1989; Goff et al., 2014), and a likely enhancement of tissue 

sensitivity to parathyroid hormone (Goff et al., 2014). A concomitant decrease in bone formation 

(van Mosel et al., 1993) and a hypercalciuric state are also observed during metabolic acidosis 

(Grünberg et al., 2011). Overall, by feeding a negative DCAD most cows can often maintain 

higher turnover rates of Ca that can help alleviate hypocalcemia following parturition. 

 Parity was also a significant predictor of SCH classification at calving.  Increased age is 

known to impair Ca metabolism. For instance, bone and intestine vitamin D receptors decline 

with aging (Horst et al, 1990). It is possible that second lactation animals as compared to older 

parities are able to better maintain Ca turnover rates in the immediate postpartum period. 

Intriguingly, parity was not associated with the risk of SCH at 2 DIM. Subclinical hypocalcemia 

classification at calving and locomotion score of the animal were significant predictors of SCH at 

2 DIM and demonstrated to interact. For normocalcemic animals at calving, being lame 

increased their risk of being classified as SCH at 2 DIM. Oetzel and Miller (2012) found that 

lame cows had an increased milk production response when treated with an oral Ca bolus. It is 

likely that with a pen change following parturition, lame cows may have additional feed intake 
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issues associated with social turmoil that result in lower blood Ca concentrations. Animals that 

were lame and SCH at calving had the highest risk of being classified as SCH again at 2 DIM, as 

compared to normocalcemic non-lame individuals, indicating that both risk factors act in a 

synergistic way. For non-lame animals, SCH classification at calving was also associated with an 

increased risk of SCH at 2 DIM, suggesting that animals with a negative Ca balance at 

parturition can carry over that status to at least 2 DIM. 

 Retained placenta tended towards an association with SCH at 2 DIM. Retained fetal 

membranes is a condition associated with impaired immune function and has been shown to be 

exacerbated by hypocalcemia (Kimura et al., 2002) due to a reduction in intracellular levels of 

Ca in polymorphonuclear cells (Kimura et al., 2006) and a decline in neutrophil phagocytic 

activity (Kimura et al., 2002; Martinez et al., 2012). 

 Our data set did not indicate that hyperketonemia in the prepartum period was associated 

with SCH at parturition. Unfortunately, fatty acids were not measured as they are a better marker 

to identify animals with a compromised energy balance in the prepartum than BHB (Ospina et 

al., 2010). Moreover, fatty acids and BHB do not correlate well in the periparturient cow 

(McCarthy et al., 2015b). Martinez et al. (2011) found a significant difference in fatty acid 

concentrations between normocalcemic and hypocalcemic animals from 0 through 7 DIM, 

although BHB was only different starting at 1 DIM. Larger datasets evaluating the relationship 

of fatty acids and Ca in the prepartum are warranted to further evaluate whether a negative Ca or 

energy balance may precede or exacerbate the other. 

 

CONCLUSIONS 

 Our study was able to define a Ca threshold (≤2.4 mmol/L) for identification of 
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prepartum animals more likely to be SCH at calving. Herd-level studies using this cut-point 

might be able to set targets on which to measure the success of preventative strategies. Further 

studies using longitudinal datasets are warranted to determine how the timing of blood sampling 

relative to calving and the use of different cut-points for SCH classification can better predict 

negative health and production outcomes, as different risk factors were found to be relevant at 

the evaluated time-points. 
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ABSTRACT 

 The objective of this study was to evaluate the association of postpartum plasma Ca 

concentration with early-lactation disease outcomes, culling within 60 d in milk (DIM), 

pregnancy to first service, and milk production. A total of 1,412 animals from 5 commercial 

dairy farms in New York State were enrolled in a prospective cohort study from February until 

November 2015. Blood samples were collected within 12 h of parturition, and plasma was 

submitted to a diagnostic laboratory for total Ca measurement. Early-lactation disease, 

reproductive, and milk production from Dairy Herd Improvement Association (DHIA) test-day 

data were compiled from each farm’s management software. Multivariable Poisson regression 

models were built to evaluate the association of plasma Ca with the risks of retained placenta 

(RP), metritis, displaced abomasum (DA), clinical mastitis and culling within 60 DIM, and 

pregnancy to first service. Repeated-measures ANOVA were used to evaluate the association of 

Ca at parturition with milk production across the first 9 DHIA tests. Herd was considered as a 

random effect in all models. Primiparous animals were modeled separately from multiparous 

animals if differential responses were observed. Calcium was not associated with the risk of RP, 

metritis, clinical mastitis or pregnancy to first service in primiparous or multiparous cows. For 

multiparous cows only, higher Ca concentration tended towards a positive association with 

culling within the first 60 DIM. Multiparous cows with Ca ≤1.85 mmol/L had an increased risk 

of being diagnosed with a DA when compared to cows with Ca >1.85 mmol/L. For the milk 

production models, Ca was not associated with the amount of milk produced within the first 9 

DHIA tests in primiparous cows; however, multiparous cows with Ca ≤1.95 mmol/L produced, 

on average, 1.08 kg more milk per d across the 9 DHIA tests than their multiparous counterparts 

with Ca >1.95 mmol/L. Our results indicate that plasma Ca concentration measured within 12 h 
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of parturition is a poor predictor of early-lactation health outcomes. Moreover, lower Ca in the 

immediate postpartum period was associated with higher milk production in multiparous cows. 

From these results, we caution that studies attempting to categorize subclinical hypocalcemia 

based on a single sample in the immediate postpartum period could misclassify the disorder.  

Key words: dairy cow, calcium, subclinical hypocalcemia, milk production  
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INTRODUCTION 

 Parturition marks a key period in the productive cycle of a dairy cow as it is characterized 

by sudden dietary and hormonal changes, and social challenges. Consequently, early lactation 

cows are at a high risk for developing metabolic diseases that can directly impact their lactation 

performance. Subclinical hypocalcemia (SCH; low blood Ca concentration without clinical signs 

of ataxia or paresis) is one of the metabolic disorders in early lactation that can detrimentally 

affect the productivity of the postparturient cow. Around 50% of recently calved multiparous 

animals are believed to suffer from the condition (Reinhardt et al., 2011). 

 Traditionally, SCH has been classified as serum or plasma total Ca concentration ≤1.87 

mmol/L (7.5 mg/dL; Goff et al., 1996), ≤1.95 mmol/L (7.8 mg/dl; Massey et al., 1993) and <2.0 

mmol/L (8.0 mg/dL; Oetzel et al 1988; Oetzel et al., 1993). The number of studies in this area is 

continually growing, with the latest reports using higher classification cut-points (Chapinal et al., 

2011; Chapinal et al., 2012; Martinez et al., 2012). However, some studies have found 

considerable associations of lower Ca in the postpartum period with detrimental health and 

production outcomes, while others have shown no effects. In a large study across herds in the 

U.S. and Canada, cows with Ca concentrations ≤2.1 and ≤2.2 mmol/L (sampled within the 1
st
 wk 

of parturition) had decreased milk production, and increased odds of displaced abomasum (DA), 

respectively (Chapinal et al. 2011; Chapinal et al., 2012). Martinez et al. (2012) using a 

categorization of SCH with Ca ≤2.14 mmol/L based on the lowest serum Ca concentration 

collected within 0 to 3 DIM, demonstrated that SCH was associated with metritis. Chamberlin et 

al. (2013) using a cut-point for SCH based on ionized Ca <1.0 mmo/L (approximately equivalent 

to 2.0 mmol/L of total Ca) on the d of calving, found no associations between the condition and 

early-lactation disease outcomes. Differences in SCH classification between studies using Ca 
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samples at different time-points relative to parturition may impact the ability to establish 

associations between Ca and early-lactation outcomes. The literature currently lacks 

standardization of SCH classification, and there is no consensus as to when and how dairy 

consultants should more objectively assess SCH at the herd- and cow-levels. 

 If SCH classification could be accurately performed shortly following parturition, 

mitigation strategies can be better implemented and measured in an attempt to lessen the impact 

of the disorder in early-lactation. The objectives of our study were to evaluate the association of 

Ca in the immediate postpartum period in a large, multi-herd observational trial with 1) early-

lactation health outcomes, 2) culling within 60 DIM, 3) pregnancy to first service, and 4) milk 

production. We hypothesized that lower Ca concentration in the immediate postpartum period 

would be associated with detrimental health and production outcomes. 

 

MATERIALS AND METHODS 

 A prospective cohort study was performed as part of a larger randomized clinical trial 

evaluating the effects of an oral Ca bolus supplement given shortly after calving on health and 

production outcomes. This study was approved by the Cornell University Institutional Animal 

Care and Use Committee (protocol 2014-0171). Data obtained from 5 commercial dairy farms in 

New York State from February 21 until November 30, 2015, were used. A sixth farm was 

included in the randomized clinical trial; however, that farm did not comply with disease 

definition protocols adopted prior to initiation of the study and was, therefore, not included in 

this cohort. For the remaining farms, control cows (i.e., no Ca supplementation) with a blood 

sample taken within 12 h of parturition were eligible to be included in this study. Blood samples 

were collected by trained farm personnel via coccygeal venipuncture using a 20G needle 
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attached to a polypropylene syringe, transferred immediately into a 4 mL lithium heparin tube 

(Greiner Bio-One, Monroe, NC) and stored at 4
o
C. Samples were shipped to a central processing 

location twice a wk for centrifugation (1,000 x g for 10 min at 22
o
C), plasma harvesting and 

storage (-20
o
C) until further analysis. At the end of the trial, plasma samples were submitted to 

the University of Illinois Veterinary Diagnostic Laboratory (Urbana, IL) for total Ca analysis 

using a high-throughput chemistry analyzer (AU680, Beckman Coulter, Brea, CA), with reagents 

provided by the same manufacturer. 

 In order to detect a difference of at least 1.5 kg of milk per test-day with 95% confidence 

between the SCH and normocalcemic groups, while assuming a SD of 8.0 kg per test-day per 

group and a 40% prevalence of SCH, 1,000 animals were necessary to have a study with 80% 

power (OpenEpi version 3.01; OpenEpi, Atlanta, GA). 

 Total mixed ration samples were collected once weekly from the close-up dry cow group 

at each farm, composited at the end of the study, and submitted to a commercial laboratory for 

wet chemistry analysis (Cumberland Valley Analytical Services, Hagerstown, MD), with 

methods as described by McCarthy et al. (2015). Analyzed dietary cation-anion difference of the 

close-up diets for each farm can be found in Table 3.1. 

 Farm personnel recorded disease event data into DairyComp 305 (Valley Agricultural 

Software, Tulare, CA) using standard disease definition protocols discussed prior to start of the 

study for retained placenta (RP; failure to expel fetal membranes within 24 h of parturition), 

metritis (fetid reddish to brownish uterine discharge often accompanied by systemic signs of 

illness), DA, and clinical mastitis (presence of visibly abnormal milk). Health, production, and 

reproduction records were extracted from the herd management software into Microsoft Excel 

(Microsoft Corporation, Redmond, WA) prior to statistical analyses. 
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Statistical Analyses and Model Building Strategies 

 All statistical analyses were performed in SAS (version 9.4, SAS Institute Inc., Cary, 

NC). Descriptive statistics were performed using the FREQ, MEANS, and UNIVARIATE 

procedures. Parity was categorized into a 4-level variable (1
st
, 2

nd
, 3

rd
, and 4

th
or greater). Calving 

ease score was dichotomized to represent animals that required small to no assistance or suffered 

dystocia during calving. Potential collinearity among calving-related variables (stillbirth, 

twinning, and the dichotomized calving ease score), parity, and Ca concentration were tested 

using the Pearson correlation coefficient (CORR procedure), Cohen’s kappa coefficient (FREQ 

procedure), and principal component regression (PLS and FACTOR procedure; Yu (2011)). The 

variables stillbirth and twinning were collapsed into a single input due to collinearity concerns 

based on principal component regression. 

 The associations of potential predictor variables with the outcomes of interest were first 

screened by performing univariate analysis using chi-square statistics. Variables unconditionally 

associated with the outcomes at P ≤ 0.2 were offered to the multivariable models. A manual 

backward stepwise selection procedure was used to build final models, with variables at P ≤ 0.05 

remaining as final effects. If any covariate caused more than a 20% change in one or more 

estimates, they were retained as confounders. Herd was treated as a random effect in all models 

and the effects of parity (considered a confounder a priori) and Ca concentration at parturition 

(predictor of interest) were kept in all models regardless of P-value. Biologically plausible 

interactions among the retained model variables and pairwise interactions with Ca concentration 

were tested in the final models. If the effect of Ca concentration at parturition (in a continuous 

scale) was statistically significant at P ≤0.05, a receiver operating characteristic (ROC) curve 

was used to identify the Ca cut-point that could better predict the outcome based on maximized 
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sensitivity and specificity, and Ca concentration was dichotomized accordingly. All ROC curve 

analyses were built using the LOGISTIC and GPLOT procedures of SAS; the method evaluates 

the ability of the variable of interest to detect a true event (sensitivity) and a false event (1 – 

specificity), depending on specified cut-points (Hosmer et al., 2013). The associations of Ca 

concentration at parturition with all outcomes were first explored in stratified multivariable 

models by parity (i.e., separate models for primiparous and multiparous cows). However, 

stratified models are only presented if differential effects between parities were found. 

Assessments of final model fit were performed with goodness of fit statistics based on deviance 

and Pearson’s statistics for the models with binary outcomes and residual plot evaluation for the 

milk production outcome. 

 Association of Ca with Clinical Diseases, Culling and Pregnancy to 1
st
 Service. Disease 

outcomes (RP, metritis ≤14 DIM, DA ≤60 DIM, and clinical mastitis ≤60 DIM), culling ≤60 

DIM, and pregnancy to first service were fitted using the GLIMMIX procedure with a maximum 

likelihood estimation based on adaptive Gaussian quadrature (Capanu et al., 2013), Poisson 

distribution, and log link function. 

 Potential covariates for RP and metritis included parity, calving ease, and the collapsed 

variable representing twinning and stillbirth. After Ca concentration at parturition was not found 

to be associated with RP or metritis, the effect of uterine diseases (presence or absence of RP, 

metritis, or both) on DA was considered as a covariate for that outcome-model. All cases of RP 

and metritis happened before the diagnosis of DA. As only 1 primiparous cow was diagnosed 

with a DA, the effect of Ca was only evaluated in multiparous cows.  For the model evaluating 

clinical mastitis, the effect of parity, previous lactation 305-d mature equivalent milk production, 

and number of days dry were considered as potential covariates. 
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 The model evaluating the risk of culling for primiparous cows considered as potential 

predictors the effect of uterine diseases, clinical mastitis, and age at first calving. In the 

multiparous model, parity, the effect of uterine diseases, clinical mastitis, previous lactation 305-

d mature equivalent milk production, and number of d dry were considered as potential 

predictors. As the multiparous model exhibited a tendency (0.05 < P-value ≤ 0.1) of Ca 

concentration to be associated with the risk of culling, models were developed separately for 

primiparous and multiparous animals. 

 The model evaluating risk of pregnancy to first service included an offset term to adjust 

for the different voluntary waiting periods between farms. Potential predictors considered were 

the effect of uterine diseases, and a dichotomized variable that represented whether the 1
st
 

service was based on heat behavior or timed-artificial insemination. Farms A, C, and E used a 

presynch-ovsynch program for management of first breedings and Farm B used an ovsynch 

program. Farm D participated in an embryo transfer program that required a subset of cows to be 

managed as potential embryo recipients. Therefore, as different cows within the herd were being 

submitted to different reproductive programs, the entire farm was removed from the analysis of 

this outcome to avoid potential bias. 

 Association of Ca with Milk Production. Milk production across 9 DHIA tests was 

evaluated in order to better represent the lactation response of the animals under study. Repeated 

measures modeling was conducted using the MIXED procedure while accounting for repeated 

measurements within a cow and the nested effect of cows within a farm. The first order auto 

regressive covariance structure was used during the model building process. Different covariance 

structures were tested in the final model and the Toeplitz was chosen as it yielded a lower 

Akaike’s information criterion. Primiparous and multiparous animals were modeled separately 
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due to differential responses. Potential covariates assessed during univariate analysis included 

age at first calving (primiparous model only), uterine disease prior to the first DHIA test, and 

somatic cell linear score at each DHIA test. In addition, for the multiparous-cow model only, the 

effect of parity, previous lactation 305-d mature equivalent, and number of d dry were 

considered as potential covariates. As Ca concentration at parturition was significantly associated 

with milk production for multiparous animals, ROC curves were built considering different Ca 

concentration cut-points ranging from 1.75 mmol/L (7.0 mg/dL) to 2.15 mmol/L (8.6 mg/dL) in 

0.02 mmol/L increments. The dichotomized cut-point that maximized the area under the curve 

was chosen as the best predictor that could most appropriately differentiate milk production 

responses. The Ca variable modeled in a continuous scale was substituted by the dichotomized 

Ca cut-point variable in the final model for ease of interpretation of the results. 

 

RESULTS 

 In total, 1,454 animals were eligible for enrollment in our study. Animals with gestation 

length below 260 d (n = 37), and that died or were sold within the first 2 DIM (n = 5) were 

removed. Therefore, 1,412 cows remained for the final analyses. The mean time from parturition 

to blood sampling was 3 h (SD = 2 h 55 min). Descriptive statistics for the herds and the animals 

enrolled in the cohort, early-lactation disease frequency and culling, and pregnancy to first 

service are presented in Tables 1 and 2, respectively.  
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Table 3.1. Descriptive statistics by farm and parity group for the cohort of cows under study  

 

 Primiparous Multiparous  

Farm n 
Total Ca (mmol/L) 

Mean (SD) 
n 

Total Ca (mmol/L) 

Mean (SD) 

Prepartum DCAD
1
 

(mEq/100g DM) 

A 57 2.27 (0.12) 140 2.08 (0.20) -6.9 

B 61 2.22 (0.16) 154 2.01 (0.24) -2.8 

C 100 2.29 (0.10) 240 2.02 (0.20) -5.5 

D 71 2.24 (0.12) 187 1.93 (0.24) 7.3; 14.1
2 

E 60 2.25 (0.10) 342 1.95 (0.26) -2.8 
1
Dietary cation-anion difference; calculated as [(Na % of DM/0.023) + (K % of DM/0.039)] – 

[(S % of DM/0.016) + (Cl % of DM/0.0355)].  
2
Two composites were created for Farm D to represent the periods during which anions were 

supplemented and that supplemental anions were removed from the close-up ration (period 1 = 

start of the study until 21 September 2015; period 2 = 22 September 2015 until the end of the 

study). 

 

Table 3.2. Proportion of early-lactation diseases, culling, and pregnancy to first service in the 

cohort of primiparous and multiparous cows under study from 5 farms in NY 

 

 Primiparous Multiparous 

Item % n % n 

Retained placenta
1 

6.0 21/349 9.2 98/1,063 

Metritis
2 

13.5 47/349 8.9 95/1,063 

Displaced abomasum
3 

0.3 1/349 3.7 39/1,063 

Clinical mastitis
3 

3.8 16/349 10.0 106/1,063 

Culling
3 

2.3 8/349 4.9 52/1,063 

Pregnancy to 1
st
 service

4 
44.5 118/265 37.3 296/793 

1
Diagnosed by farm personnel and defined as a failure to expel fetal membranes within 24 h of 

parturition. 
2
Diagnosed by farm personnel and defined as a fetid reddish to brownish uterine discharge often 

accompanied by systemic signs of illness within 14 DIM. 
3
Diagnosed by farm personnel within 60 DIM. 

4
The dataset does not take into account Farm D for the pregnancy to first service outcome as the 

herd participated in an embryo transfer program. 

 

Association of Ca with Clinical Diseases, Culling, and Pregnancy to 1
st
 Service  

 For the RP and metritis models, the effect of parity (P = 0.1 and P = 0.001, respectively), 

calving difficulty (P = 0.001 and P <0.001, respectively), the collapsed variable representing 
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twinning and stillbirths (P <0.001 in both models), and the forced Ca concentration variable at 

parturition remained in the final model. Calcium concentration at parturition was not associated 

with the risk of RP (P = 0.52) or metritis (P = 0.21). 

 The effect of plasma Ca concentration at parturition with the risk of DA (multiparous 

cows only) remained meaningful in the final model (P = 0.006) along with the effect of uterine 

diseases (P = 0.008) and the forced parity variable (P = 0.32). A ROC analysis using a Ca 

concentration cut-point of ≤1.85 mmol/L (7.4 mg/dL) maximized the sensitivity (54%) and 

specificity (76%) of diagnosis of a DA (Table 3.3). The proportion of multiparous cows with Ca 

≤1.85 mmol/L in our dataset was 25% (263/1,063). 

 For the model evaluating clinical mastitis risk within 60 DIM, only the effect of parity (P 

= 0.017) remained in the final model along with the forced effect of Ca at parturition (P = 0.61). 

Cows in their 3
rd

 and 4
th

 or greater lactation had increased risks of being diagnosed with clinical 

mastitis when compared to 2
nd

 lactation (P = 0.02 and P = 0.04, respectively) or primiparous 

animals (P = 0.006 and P = 0.01, respectively). The risk of clinical mastitis for 2
nd

 lactation 

animals compared to primiparous cows was not different (P = 0.38). 

 For the model evaluating the risk of culling in primiparous cows, only the effect of 

clinical mastitis (P ≤0.001) and the forced effect of Ca at parturition (P = 0.45) remained in the 

final model. In the multiparous model, the effect of Ca at parturition had a tendency to be 

associated with the outcome (P = 0.07), along with the effect of clinical mastitis (P <0.001) and 

parity (P = 0.002). An attempt to perform a ROC analysis on the effect of Ca at parturition with 

the risk of culling determined that the variable was non-discriminant of the outcome (area under 

the curve = 0.5), which did not substantiate the dichotomization of the variable for further 

exploration. The direction of the effect showed that higher Ca concentration at parturition tended 
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towards a higher culling risk (Table 3.4). 

 Calcium was not associated with the risk of pregnancy to first service (P = 0.88), and 

primiparous and multiparous cows were modeled together. The forced parity effect (P = 0.45) 

and the presence of uterine diseases (P = 0.04) were the other covariates that remained in the 

final model. 

 

Table 3.3. Final Poisson regression model evaluating the effect of Ca concentration at parturition 

with the risk of displaced abomasum diagnosed within 60 DIM in 1,063 multiparous Holstein 

cows from 5 farms in NY 

 

Parameter Estimate SE P-value RR 95% CI 

Parity group
 

─ ─ 0.32 ─ ─ 

Uterine disease      

Healthy Ref
1 

─ ─ ─ ─ 

Retained placenta, metritis or both 0.92 0.34 0.008 2.51 1.29 to 4.94 

Ca concentration within 12 h of  parturition      

>1.85 mmol/L Ref ─ ─ ─ ─ 

≤1.85 mmol/L 1.04 0.37 0.006 2.82 1.35 to 5.87 
1
Reference category.  
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Table 3.4. Final Poisson regression model evaluating the effect of Ca concentration at parturition 

with the risk of culling for the first 60 DIM in 1,063 multiparous Holstein cows from 5 farms in 

NY 

 

Parameter Estimate SE P-value 

Clinical mastitis     

No Ref
1 

─ ─ 

Yes 1.27 0.30 <0.001 

Parity group    

2 Ref ─ ─ 

3 0.98 0.42 0.02 

≥4 1.42 0.42 <0.001 

Ca concentration at parturition 1.21 0.65 0.06 
1
Reference category. 

 

Association of Ca with Milk Production 

 Descriptive data on test-day production by parity group for the 5 farms are presented in 

Table 3.5. Stratified models by parity demonstrated that Ca concentration at parturition was not 

associated with milk production in primiparous animals (P = 0.46). For primiparous cows, other 

variables that remained in the final model were somatic cell linear score at DHIA test (P <0.001), 

occurrence of uterine diseases (P = 0.017), and the DHIA test number. For multiparous cows, the 

Ca concentration variable in the continuous scale (P ≤0.001), was important and dichotomized 

based on the ROC analyses. Calcium concentration ≤1.95 mmol/L (7.8 mg/dL) was associated 

with overall higher milk production (area under the curve = 0.61). Multiparous cows with Ca 

≤1.95 mmol/L produced on average, 1.08 kg more milk per d  across the 9 DHIA tests when 

compared to cows with Ca >1.95 mmol/L. When DHIA fat-corrected milk yield was modeled 

instead of test-day milk yield, the estimate was 1.27 kg for the aforementioned comparison. The 

proportion of multiparous animals with Ca ≤1.95 mmol/L in this dataset was 39% (415/1,063). 
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Additional variables accounted for in the model included the main effects and 2-way interactions 

of DHIA test number with parity (P <0.001), previous lactation 305-d mature equivalent (P 

<0.001), and uterine diseases (P <0.001). It is important to note that there were no 2-way 

interactions between the final model variables with SCH classification. Figure 3.1 illustrates the 

effect of the dichotomized Ca concentration variable on milk production across the 9 DHIA tests.  
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Table 3.5. Descriptive data on DHIA test-day for the primiparous and multiparous cohort of 

cows under study from 5 farms in NY 

 

  Primiparous Multiparous 

Test-day 
Days in milk 

Mean (SD) 
n Mean kg of milk (SD) n Mean kg of milk (SD) 

1 22 (9) 345 27.8 (6.2) 1,018 41.6 (9.2) 

2 52 (10) 340 32.5 (6.3) 982 48.2 (8.1) 

3 83 (10) 331 34.5 (6.1) 965 47.6 (8.5) 

4 112 (10) 325 34.9 (6.1) 942 45.5 (8.5) 

5 143 (10) 319 35.0 (6.6) 904 43.9 (8.3) 

6 173 (10) 317 35.3 (6.5) 867 41.5 (8.2) 

7 203 (10) 315 35.2 (7.4) 842 39.1 (8.5) 

8 233 (10) 311 34.4 (7.2) 811 35.9 (9.0) 

9 263 (10) 301 33.2 (7.5) 769 32.9 (9.1) 

 

  



89 
 

Figure 3.1. Milk production across 9 DHIA tests for 1,063 multiparous Holstein cows from 5 

farms in NY according to plasma Ca concentration measured within 12 h of parturition. Cows 

with Ca concentration ≤1.95 mmol/L (n = 415) produced, on average, 1.08 kg more milk per d 

compared to cows with Ca concentration >1.95 mmol/L (n = 648). Error bars represent the SEM. 
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DISCUSSION 

  We performed a cohort study to evaluate the association of plasma Ca concentration from 

cows sampled within 12 h of parturition with different early-lactation health disorders and 

production outcomes. The statistical analyses adopted in this study allowed us to better 

determine the true association of Ca with the outcomes measured, as the predictor of interest was 

first explored in a continuous scale. Our study found that multiparous cows with lower Ca 

concentrations at calving were at a higher risk of developing DA. However, lower Ca 

concentrations at calving were also predictive of higher milk production. In primiparous cows, 

Ca at parturition was not associated with any of the health or productive-outcomes measured. 

Our findings highlight the importance of a more detailed definition of the timing of blood 

sampling relative to calving in future studies related to SCH, as high producing Holstein dairy 

cows may be misclassified as subclinically hypocalcemic if disease classification is attempted 

based on one sample shortly after calving. 

 Although Ca concentration at parturition was not associated with RP in our study, clinical 

hypocalcemia has been shown to be associated with the disorder (Erb et al., 1985; Correa et al., 

1993). With the advancement of nutritional strategies capable of successfully preventing clinical 

hypocalcemia cases, much discussion and research has been geared toward subclinical cases. 

Retained placenta has been linked with depletion of intracellular Ca stores from peripheral blood 

mononuclear cells; however, this does not necessarily correlate with depletion of Ca from blood 

plasma (Kimura et al., 2002; Kimura et al., 2006). Lower Ca concentration was associated with 

RP in a study performed in one herd in FL with cows fed a negative DCAD-diet, in which 

animals had samples collected within 6 h of calving (Melendez et al., 2004). The proportion of 

cows with RP in the aforementioned study was 25.6%, which is much higher than the national 
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U.S. average of 7.8% (USDA-NAHMS, 2008). Therefore, it is possible that other prepartum 

metabolic disorders were affecting the cows in the Melendez et al (2004) study contributing to a 

high proportion of cows with RP. 

 In contrast to RP, metritis has been associated with clinical hypocalcemia in some studies 

(Markusfeld, 1987; Correa et al., 1993) but not in others (Kaneene and Miller, 1995; Bruun et al., 

2002). More recently, a matched cohort study found an association of SCH with metritis 

(Martinez et al, 2012). However, the group of cows considered to be at a higher risk of 

developing metritis (i.e., animals presenting calving-related problems and/or RP) did not have 

meaningfully lower Ca until 1 DIM when compared to their lower-risk counterparts. It is 

important to note that a causal relationship between SCH and RP and/or metritis has not been 

demonstrated yet. The interrelationships of many parturient disorders are concurrent with 

nutritional, metabolic, and immune changes happening in the transition period, which makes it 

difficult to isolate one effect. 

 Calcium is known to be a key macromineral in smooth muscle contraction (Bremel, 

1974). Lower Ca is thought to contribute to DA as the disorder has been associated with 

abomasal atony (Daniel, 1983; Geishauser et al., 1998). We found that cows with Ca ≤1.85 

mmol/L had a higher risk of developing DA. LeBlanc et al. (2005) found that Ca was not a risk 

factor for DA, with fatty acids and BHB being better predictors of the condition in the pre- and 

postpartum period. However, postpartum samples in that study were collected between DIM 1 to 

7, and Ca dynamics are different depending on DIM. Massey et al. (1993) found that cows with 

Ca concentrations <1.97 mmol/L (7.9 mg/dL), and sampled within 12 h of parturition (an 

analogous scheme to our study), had increased odds of developing DA. 

 Clinical hypocalcemia has been shown to be associated with clinical mastitis (Curtis et 
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al., 1983; Curtis et al., 1985), though we are unaware of any reports describing an association 

with SCH. It was hypothesized that lower Ca concentration at parturition, through its impact in 

immune function, could predispose animals to develop the disease in early-lactation. However, 

Ca at parturition was not associated with the risk of clinical mastitis in our study. 

 In a large herd-level study, higher Ca concentrations within the first wk of lactation were 

associated with greater odds of pregnancy to first service (Chapinal et al., 2012). Due to its 

design, cows were sampled at different DIM in the first wk relative to parturition, which makes it 

difficult to directly compare with our study. Other studies have found an association of SCH with 

impaired reproductive performance, though disease definition and study designs differ (Martinez 

et al., 2012; Ribeiro et al., 2013). In our study, Ca at parturition was not associated with 

pregnancy outcome at first service. 

 Culling risk had a tendency to be associated with Ca concentration in the immediate 

postpartum for multiparous cows, and interestingly, the model showed that higher Ca 

concentration tended towards greater culling risk. One should note that the model controlled for 

the effects of clinical mastitis, as it is one of the major reasons for culling (USDA-NAHMS, 

1996; Bascom and Young, 1998). In addition, it is unlikely that removal was due to poor 

reproduction in the interval we measured. As low milk production is one of the main factors of 

voluntary culling (USDA-NAHMS, 1996; Bascom and Young, 1998), it is possible that a higher 

Ca concentration in the immediate postpartum was a marker of lower production as substantiated 

by our milk production model. 

 In response to decreased extracellular Ca, parathyroid hormone secretion plays a major 

homeostatic role in the mechanism for reestablishing Ca balance (Jüppner and Potts, 2010). 

Parathyroidectomy during lactation has been shown to blunt the response of renal 1-α-
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hydroxylase (a critical enzyme participating in Ca homeostasis) in hypocalcemic states (Lobaugh 

et al., 1993). The initiation of lactation heightens the demand for Ca and, physiologically, a 

decrease in plasma Ca following parturition is a likely component in the initiation of the 

orchestrated hormonal adaptations ensuing to support Ca balance and indirectly, milk 

production. We found that lower Ca in the immediate postpartum is associated with higher milk 

production in multiparous cows. It is important to note that the multivariable model took into 

account factors associated with milk production, such as parity and previous 305-d mature 

equivalent; Ca concentration within 12 h of parturition was still highly meaningful in predicting 

milk response. A small matched cohort study found higher milk production levels throughout 

280 DIM in third-lactation cows classified as SCH within 24 h of parturition based on serum Ca 

concentration ≤1.8 mmol/L (Jawor et al., 2012). Gild et al. (2015) found higher milk production 

across the first 6 test-day in multiparous cows classified as SCH based on an albumin-corrected 

serum Ca concentration <1.87 mmol/L collected between 8 to 20 h after parturition in 4 Israeli 

herds. Despite slightly different SCH classification across studies, lower Ca concentration in the 

immediate postpartum seem to be a positive marker for milk production. 

 It is likely that the duration of the low Ca status in the periparturient period is a better 

predictor of early disease outcomes compared to the evaluation of Ca concentration at a single 

time-point. In an earlier study, we found that SCH classification at 0 or 2 DIM was associated 

with different risk factors (Neves et al., 2017). Longitudinal datasets evaluating Ca 

concentrations at different time-points are necessary to establish when SCH classification should 

be performed to improve disease diagnosis and more accurately assess preventative measures. 

 

CONCLUSIONS 

 In our study, Ca in the immediate postpartum period was not associated with the risk of 
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RP, metritis, or clinical mastitis diagnosis within the first 60 DIM. Multiparous cows with Ca 

≤1.85 mmol/L had increased risk of DA and cows with Ca ≤1.95 mmol/L produced more milk 

over 9 DHIA tests. In primiparous cows, Ca was not associated with any of the health and 

production outcomes evaluated. Future studies should be careful in classifying SCH based on a 

single time-point for samples collected within 12 h of parturition, since the associations with 

early-lactation health and production performance do not indicate that low Ca at that time-

window is consistently negative. 
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ABSTRACT 

 The objective of our study was to assess an optimized ion-selective electrode (ISE) Ca-

module prototype as a potential cow-side device for ionized Ca (iCa) measurements using bovine 

blood. First, a linearity experiment was performed to assess any potential biases and/or 

calibration drifts in a range of iCa concentrations as compared to another point-of-care (POC) 

device commonly used in the field, the VetScan i-STAT (i-STAT), and a laboratory gold-

standard benchtop blood-gas analyzer (ABL-800 FLEX). No deviation from linearity was found 

for the prototype when compared to either the i-STAT or the ABL-800 FLEX. A follow-up 

experiment was performed to validate the prototype as a cow-side instrument, in which our 

objectives were to: 1) assess the performance of the optimized prototype for measurement of iCa 

concentrations cow-side as compared to the i-STAT on-farm (farm gold-standard) using a fresh 

whole blood samples; 2) assess the performance of the prototype and the i-STAT in the 

laboratory using a blood sample collected in a heparinized-balanced syringe against the benchtop 

blood-gas analyzer; 3) assess the agreement and the sensitivity (Sn) and specificity (Sp) of the 

results obtained by the prototype and the i-STAT cow-side with the results obtained by the 

laboratory gold-standard using 3 different iCa cut-points for classification of subclinical 

hypocalcemia. A total of 101 periparturient Holstein cows from 3 dairy farms in New York State 

were used for this study. The iCa results obtained cow-side by the prototype were, on average, 

0.06 mmol/L higher than the results obtained by the VetScan i-STAT, as determined by Bland-

Altman analysis. Using heparinized-balanced samples under laboratory conditions, the i-STAT 

measured, on average, 0.04 mmol/L lower than the benchtop analyzer, while the prototype 

measured 0.04 mmol/L higher. Measurements obtained on-farm by the prototype and the i-STAT 

using fresh whole blood samples were 0.01 mmol/L higher and 0.05 mmol/L lower, respectively, 
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when compared to the measurements obtained by the benchtop analyzer using heparinized whole 

blood samples. Calculations of Sn and Sp for both the prototype and the i-STAT under farm 

conditions using 3 potential cut-points resulted in 100% Sn and Sp ≥93.5%. An innovative and 

lower cost ISE Ca-module could become available to the dairy industry as a rapid iCa 

assessment cow-side, while qualitatively allowing classification of SCH on-farm. 

Key words: dairy cow, ionized calcium, point-of-care, cow-side  
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INTRODUCTION 

 One of the challenges for the periparturient dairy cow is the maintenance of ideal blood 

Ca concentrations to support milk production and immune function. Subclinical hypocalcemia 

(SCH) is a prevalent condition afflicting approximately 50% of multiparous dairy cows in the 

early postpartum period (Reinhardt et al., 2011), and is a disorder being characterized by various 

research groups. Therefore, measurement of Ca to assess individual-animal calcemic status and 

to optimize preventative strategies for SCH is important. 

 Calcium is found in 3 forms in the blood: 1) protein-bound, 2) complexed to proteins and 

anions, and 3) ionized (recognized as the biologically active form). Both total Ca (tCa; overall 

measurement of the 3 fractions) and ionized Ca (iCa) can be measured in the laboratory, albeit 

using different techniques (i.e., dye-binding methods for tCa and direct potentiometry for iCa). 

Total Ca measurement is easy to perform, readily available in most laboratories, cheaper and 

considered more stable with storage than iCa (Forman and Lorenzo, 1991). In contrast, iCa 

measurements are more expensive and affected by changes in pH, and consequently, unstable 

with storage (Burrit, 1993). Although approximately 50% of tCa is thought to be in the ionized 

form, tCa cannot always reliably predict iCa concentrations, particularly with changes in pH 

(Wang et al., 2002; Lam et al., 2013). In addition, tCa, but not iCa, is affected by changes in 

albumin concentration, such as that due to hydration status. As the dairy cow approaches 

parturition and begins lactation, normal physiological changes occur in albumin concentrations 

(Piccione et al., 2011), which can impact tCa measurements but not iCa. In addition, the 

transition to lactation is a high risk period for an altered hydration status, as well as electrolyte 

imbalances. This means that tCa may not be the ideal test for monitoring herds for SCH and iCa 

may be of higher diagnostic value. 
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 The introduction of ion-selective electrode (ISE) technology in clinical medicine has 

allowed for the direct measurements of iCa in blood, serum, and plasma. Testing is usually done 

in clinical pathology laboratories using dedicated blood-gas instrumentation equipped with a Ca-

specific ISE; however, the logistical difficulty of getting field samples to a laboratory decreases 

the availability of routine iCa testing. Currently, one point-of-care (POC) device that employs 

direct potentiometry (VetScan i-STAT; Abaxis North America, Union City, CA) is commonly 

used by in-hospital dairy clinicians, consultants, and researchers for assessing individual-animal 

iCa status. The average cost of the simplest i-STAT cartridge that offers iCa measurement 

(CG8
+
) is approximately U$17.50, which substantially limits common use of this device in the 

field. Moreover, results for a single test-cartridge take 1.5 min to output, adding to the time and 

cost of analysis. To the best of our knowledge, only one study has evaluated the performance of 

the i-STAT in bovine blood (Peiró et al., 2010), which only tested 24 blood samples from 24 

clinically healthy individuals and found that the limits of agreement as compared to a benchtop 

blood-gas analyzer was roughly within ±0.1 mmol/L. 

 Due to the aforementioned limitations of iCa testing for SCH mitigations strategies at the 

individual cow-level, the monitoring of herd-level SCH and implementation of preventative 

strategies would be more successful if low-cost iCa testing could be done on the farm, using a 

POC device. Our group is currently working on the optimization of a low-cost rapid-test ISE Ca-

module prototype in conjunction with engineers of Horiba Japan, to deliver an instrument that 

enables measurement of iCa cow-side in a rapid fashion. 

 Our study had several objectives over 2 experiments. For Experiment 1, our objectives 

were to: 1) assess the linearity of the optimized prototype using a range of iCa concentrations 

prepared from varying dilutions of a high and low Ca heparinized blood sample against the i-
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STAT (farm fold-standard), and a benchtop blood-gas analyzer (laboratory gold-standard; ABL-

800 FLEX; Radiometer Medical, Copenhagen, Denmark) at the Cornell Animal Health 

Diagnostic Center (AHDC); and 2) determine the within-run imprecision for the optimized 

prototype. Experiment 2 was designed to test the prototype under field and laboratory conditions, 

and our objectives were to: 1) assess method agreement of the optimized prototype as a cow-side 

test against the i-STAT in bovine fresh whole blood (i.e., intended use of both instruments); 2) 

assess method agreement between the prototype and the i-STAT under laboratory conditions 

against the ABL-800 FLEX using heparinized whole blood collected in heparinized-balanced 

syringes; and 3) assess method agreement and the sensitivity (Sn) and specificity (Sp) between 

the results of the prototype and the i-STAT obtained cow-side using fresh whole blood against 

the ABL-800 FLEX based on heparinized whole blood using 3 iCa cut-points (≤0.95, 1.00, and 

1.05 mmol/L). 

 

MATERIALS AND METHODS 

 

Instrument Optimization 

 A series of laboratory tests were performed from 2014 to 2017, in conjunction with 

engineers of Horiba Japan, to optimize the accuracy and reproducibility of an ISE Ca-module 

prototype for potential use as a cow-side test. An optimized prototype was developed after 

testing and manipulation of a series of trial prototypes that underwent significant modifications. 

Briefly, software changes to alter measurement units and resolution were performed on a 

commercially available ISE Ca-module commercialized by Horiba Scientific, which is marketed 

for food, soil, and water sample use (B-751 LAQUAtwin, Horiba Scientific, Kyoto, Japan). 
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Next, calibration set-points were modified across prototype generations. Between-instrument 

imprecision in the second and third prototype generations were identified as a potential problem 

through decreased method validity. After ablation of the temperature-correction function 

employed in the differential potential algorithm of the device software, combined with better 

results in blood measurement simulations having the electric potential corrected to 37
o
C, follow-

up work on alterations of the device to minimize sample temperature effects took place. The 

most current and final prototype employs an optimized reference electrode for use in blood. In 

addition, a series of tests were undertaken to find candidate calibration standards that would 

minimize the bias in measurements according to the most prevalent interfering cations found in 

blood (e.g., Na
+
, and K

+
), while including adjustment or non-adjustment for calibrator 

conductivities. The final prototype was designed to allow rapid iCa measurement on-farm (i.e., 

within 15 s of sample contact time with the sensor) by employing a proprietary differential 

potential cut-point. The evaluation of the prototype under laboratory conditions standardized the 

measurement-time to 60 s, as it allowed for a better stabilization of the electric potential in 

heparinized samples based on work we established prior to initiation of this study (data not 

shown). A within-normal range (1.25 mmol/L; Radiometer Medical, Copenhagen, Denmark) and 

a high iCa standard solution (5.0 mmol/L; Radiometer Medical) were used to perform a 2-point 

calibration before every measurement. The iCa reference interval adopted in this study was the 

same established for the benchtop blood-gas analyzer used in the experiments and estimated by 

the AHDC Clinical Pathology section (1.10 to 1.35 mmol/L). 

 

Calibration Guidelines 

 Calibration protocols for the prototype were instituted based on prior knowledge of the 
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first author. The methodology employed attempted to maintain ease of use in preparation for 

commercialization of the prototype and were as follows: 1) dispensing 0.5 to 0.7 mL of the 

within-normal range iCa standard solution (1.25 mmol/L) in the sensor while allowing 15 

seconds of contact time before the calibration for a zero potential; 2) rinsing the electrode region 

with deionized water followed by  gentle removal of residual water with delicate task wipes; 3) 

application of 0.5 to 0.7 mL of the high iCa standard solution (5.0 mmol/L) followed by 

immediate calibration for the slope; 4) rinsing and moisture removal as per step 2; and 5) 

application of approximately 0.7 mL of blood for measurement. After blood measurement, the 

sensor was cleaned by rinsing the electrode area with deionized water, followed by a 10 s contact 

time of 0.5 to 0.7 mL of a 4% sodium hypochlorite solution on the sensor, then rinsing again 

with deionized water. Sodium hypochlorite solution was used to avoid potential protein coating 

of the ISE response membrane that could interfere with calibration and measurement 

performance. 

 

Experiment 1 

 To prepare blood samples with varying iCa concentrations, a total of 200 mL of blood 

was collected at the Cornell University Teaching Dairy Barn (College of Veterinary Medicine, 

Ithaca, NY) using a 20-gauge x 1.5-inch vacutainer needle from the right jugular vein of a 

recently fresh multiparous Holstein dairy cow into 10 mL lithium heparin vacutainer tubes 

(Becton Dickinson, Franklin Lakes, NJ) immediately before and 5 minutes after an intravenous 

500 mL infusion of a 23% Ca borogluconate solution. Blood samples were transported 

immediately to the Cornell AHDC laboratory for preparation of dilutions. The sample collected 

before 23% Ca borogluconate infusion was diluted by a maximum of 10% using 0.9% sterile 
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saline solution to create a low iCa pool. This low iCa pool sample was mixed at different ratios 

with the sample collected after the Ca infusion (high iCa pool), to provide intermediate iCa 

concentrations. This method follows guidelines of linearity assessment provided by the Clinical 

and Laboratory Standards Institute (CLSI) in clinical blood chemistry studies (CLSI EP09-A3, 

2013). As recommended by CLSI, triplicate measurements of the blood mixtures were performed 

side-by-side on the prototype, the i-STAT and the ABL-800 in a randomized fashion. As the 2 

latter methods standardize the temperature of the samples to 37
o
C with an internal heating block-

system before analysis, the samples were analyzed at 37
o
C in the prototype to allow for more 

objective comparison between methods. Blood samples were warmed to 37
o
C by placing it in a 

dry heat incubator for 20 to 30 min before analysis. However, the standards used to calibrate the 

prototype were kept at room temperature (approximately 22
o
C). Short-term imprecision of the 

prototype was measured by performing 10 consecutive measurements in a sample with a low, 

within-normal range, and a high iCa concentration, which were selected from the linearity 

experiment (Westgard, 2008). Protocols used for blood collection and animal handling for both 

Experiments 1 and 2 were reviewed and approved by Cornell University’s Institutional Animal 

Care and Use Committee (number: 2014-0105). 

 

Experiment 2 

 A total of 101 cows were enrolled in experiment 2 from 3 dairy farms in New York State 

over a period of 4 wk between May and June 2017. Samples were from cows between DIM 0 

and 4 (n = 76), between DIM 5 and 12 (n = 15), and dry multiparous pregnant cows (n = 10). A 

total of 22% of the samples were from primiparous cows, with 35%, 22%, and 21% represented 

by parity 2, 3, and ≥4, respectively. Blood samples were collected via coccygeal venipuncture 
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using a 10 mL vacutainer tube without additives (Becton Dickinson, Franklin Lakes, NJ). 

Immediately after blood collection, approximately 2 mL of the sample was aspirated into a 6 mL 

polypropylene syringe and tested with the prototype and i-STAT cow-side for objective 1. Then, 

2 mL was aspirated into a 2 mL heparinized-balanced syringe (PICO50; Radiometer Medical, 

Copenhagen, Denmark). The heparinized-balanced syringes were then transported from the farm 

to the laboratory chilled inside a cooler with ice packs (approximately 4
o
C) and allowed to warm 

to room temperature (approximately 22
o
C) for 20 minutes before analysis on the prototype, i-

STAT and ABL-800 FLEX for objectives 2 and 3. Notably, these objectives were performed on 

heparinized blood samples in the ABL-800 FLEX, as non-anticoagulated whole blood could not 

be analyzed on the ABL-800 FLEX. The interval from blood collection at the farm until analyses 

in the laboratory was between 2:30 to 3:50 h for all samples. Figure 4.1 is an outline of the 

logistics of blood sampling procedures and comparative analyses performed. For the ABL-800 

FLEX, quality control (QC) checks were performed daily to ensure measurement correctness.  



110 
 

Figure 4.1. Flow chart outlining the logistics of blood sampling procedures and comparative 

analyses performed between ionized Ca measuring devices for Experiment 2. 
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Statistical procedures 

 Descriptive statistics were performed using the FREQ, MEANS, and UNIVARIATE 

procedures of SAS version 9.4 (SAS Institute Inc., Cary, NC). Cumulative sum tests of linearity 

(from Passing and Bablok regressions, Experiment 1), Bland-Altman plots and Deming 

regressions (Experiment 2) were performed in MedCalc Statistical Software version 17.6 

(MedCalc Software bvba, Ostend, Belgium). For the Deming regression analyses, the within-run 

imprecision (coefficient of variation; CV) for the ABL-800 FLEX and the i-STAT were 

considered to be 0.5 and 1.0%, respectively as based on previous estimates by our group (data 

not shown). Sensitivity and Sp of the prototype to classify SCH at iCa concentrations ≤0.95, 

1.00, and 1.05 mmol/L were calculated using MedCalc Statistical Software. Data were graphed 

using GraphPad Prism version 7.03 (GraphPad Software, La Jolla, CA). 

 

RESULTS 

 

Experiment 1 

 In Experiment 1, cumulative sum tests of linearity from Passing and Bablok regressions 

showed that the prototype did not deviate from linearity against the ABL-800 or the i-STAT (P = 

0.63 in both cases). A plot of the linearity experiment is shown in Figure 4.2. Coefficient of 

variations for the prototype obtained in a blood sample with a low (0.72 mmol/L), within-normal 

range (1.29 mmol/L), and a high (2.0 mmol/L) iCa concentration were 3.9%, 2.1%, and 1.0%, 

respectively. 
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Figure 4.2. Linearity experiment reporting linear range across hypocalcemic, physiologic, and 

hypercalcemic ionized Ca concentrations in heparinized blood from a recent postpartum Holstein 

dairy cow using 3 ion-selective electrode instruments; ABL-800 FLEX, VetScan i-STAT, and a 

prototype device. 
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Experiment 2 

 Intercepts, slopes, their respective 95% CI for the Deming regression analyses, and 

Pearson correlation coefficients between method comparisons are presented in Table 4.1.
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Table 4.1. Deming regression analyses and Pearson correlation coefficients between an ISE Ca-module prototype, VetScan i-STAT, 

and the ABL-800 FLEX in a study with 101 blood samples from Holstein cows 

 

Reference method Comparison method Intercept Slope Pearson correlation 

 Coefficient 

(SE) 

95% CI Coefficient 

(SE) 

95% CI 

VetScan iSTAT on-farm Prototype on-farm 0.14 (0.04) 0.05 to 0.22 0.84 (0.04) 0.77 to 0.91 0.92 

       

ABL-800 FLEX 

Prototype in the lab 0.12 (0.04) 0.05 to 0.20 0.83 (0.03) 0.77 to 0.89 0.96 

VetScan i-STAT in the lab 0.09 (0.02) 0.05 to 0.13 0.96 (0.02) 0.92 to 0.99 0.99 

Prototype on-farm 0.24 (0.04) 0.16 to 0.31 0.79 (0.03) 0.73 to 0.86 0.91 

VetScan i-STAT on-farm 0.13 (0.02) 0.09 to 0.17 0.93 (0.02) 0.90 to 0.96 0.99 
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 The Bland-Altman plot revealed that the mean bias of the prototype against the i-STAT 

(farm gold-standard) using fresh whole blood was moderate (0.06 mmol/L; Figure 4.3). The 

limits of agreement for the prototype against the i-STAT cow-side were of considerable 

magnitude (Figure 4.3). 

 Bland-Altman plots and Deming regression analyses of the prototype and the i-STAT 

under laboratory conditions against the ABL-800 FLEX are presented in Figure 4.4. The use of 

the prototype under laboratory conditions slightly decreased the variability (i.e., the difference of 

results were more clustered around the mean bias) in measurements of the prototype against the 

laboratory gold-standard. On average, the prototype measured iCa concentrations 0.04 mmol/L 

higher than the benchtop analyzer when using heparinized-balanced blood measured at 22
o
C; 

however, the limits of agreement were still of considerable magnitude between methods. The i-

STAT device under laboratory conditions showed a systematic bias against the ABL-800 FLEX, 

such that the measurements were always lower than the laboratory gold-standard. The limits of 

agreement between the i-STAT and the ABL-800 FLEX were narrower than the ones obtained 

with the prototype against the ABL-800 FLEX under laboratory conditions. 

 Finally, a clinical decision comparison was performed (objective 3), and the results 

obtained cow-side using fresh whole blood with the prototype and the i-STAT were compared 

against the results obtained by the ABL-800 FLEX using a heparinized-balanced sample (Figure 

4.5). The results obtained cow-side with the prototype had better agreement with the ABL-800 

FLEX than the i-STAT farm gold-standard comparison, such that the prototype, on average, 

measured iCa 0.01 mmol/L higher than the ABL-800 FLEX. However, the limits of agreement 

were still of considerable magnitude. When the same clinical decision comparison was 

performed for the i-STAT cow-side against the ABL-800 FLEX, the same systematically 
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negative direction of the bias observed under laboratory conditions recurred for the i-STAT. The 

limits of agreement for the latter comparison were narrower than the ones obtained by the 

prototype. The negative bias observed for the i-STAT device seems to be independent of the type 

of sample (i.e., fresh non-anticoagulated or heparinized whole blood). 

 The calculations of Sn and Sp, and their respective 95% CI for the measurements 

obtained by prototype and the i-STAT on-farm against the ABL-800 FLEX are presented in 

Table 4.2. Using 3 different potential cut-points for classification of SCH, both the VetScan i-

STAT and the prototype performed very similarly, and high Sn (100%) and Sp (≥93.5%) for 

both devices were obtained.
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Figure 4.3. Bland-Altman plot (A) and Deming regression analysis (B) displaying the performance of an ISE Ca-module prototype 

against the VetScan i-STAT used in fresh non-anticoagulated whole blood cow-side in 101periparturient Holstein dairy cows from 3 

dairy farms in New York State. 
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Figure 4.4. Bland-Altman plots and  Deming regression analyses demonstrating the performance 

under laboratory conditions of iCa measurements obtained by an ISE Ca-module prototype and 

the VetScan i-STAT against the ABL-800 FLEX, using heparinized whole blood collected in a 

heparinized-balanced syringes in 101 periparturient Holstein dairy cows from 3 dairy farms in 

New York State. Graphs (A and B) are a comparison between the prototype versus the ABL-800 

FLEX. Samples measured in the prototype were kept at room tempearture (approximately 22
o
C). 

Graphs (C and D) are a comparison between the VetScan i-STAT versus the ABL-800 FLEX. 

0 .0

-0 .3 0

-0 .1 5

0 .1 5

0 .3 0

0 .4 0 .6 0 .8 1 .0 1 .2 1 .4 1 .6 1 .8 2 .0 2 .2 2 .4

A v e ra g e

D
if

fe
r
e

n
c

e

P
r
o

to
ty

p
e

 -
 A

B
L

+ 1 .9 6  S D

0 .18

0 .0
-1 .9 6  S D

0 .01

M e a n

0 .04

0 .0

0 .0

0 .4

0 .6

0 .8

1 .0

1 .2

1 .4

1 .6

1 .8

0 .4 0 .6 0 .8 1 .0 1 .2 1 .4 1 .6 1 .8

P ro to ty p e

A
B

L

0 .0

-0 .3 0

-0 .1 5

0 .1 5

0 .3 0

0 .4 0 .6 0 .8 1 .0 1 .2 1 .4 1 .6 1 .8 2 .0 2 .2 2 .4

A v e ra g e

D
if

fe
r
e

n
c

e

iS
T

A
T

 -
 A

B
L

0 .0
M e a n

- 0 .04

+ 1 .9 6  S D

- 0 .01

-1 .9 6  S D

- 0 .07

0 .0

0 .0

0 .4

0 .6

0 .8

1 .0

1 .2

1 .4

1 .6

1 .8

0 .4 0 .6 0 .8 1 .0 1 .2 1 .4 1 .6 1 .8

iS T A T  L a b

A
B

L

A ) B )

C ) D )

 



118 
 

Figure 4.5. Bland-Altman plots and  Deming regression analyses demonstrating a clinical 

decision comparison between an ISE Ca-module prototype and the VetScan i-STAT used cow-

side (fresh non-anticoagulated whole blood) against the ABL-800 FLEX using heparinized 

whole blood collected in a heparinized-balanced syringes in 101 periparturient Holstein dairy 

cows from 3 dairy farms in New York State. Graphs (A and B) are a comparison between the 

prototype versus the ABL-800 FLEX. Graphs (C and D) are a comparison between the VetScan 

i-STAT versus the ABL-800 FLEX. 
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Table 4.2. Sensitivity (Sn) and specificity (Sp) and 95% CI of an ISE Ca-module prototype and the VetScan i-STAT in classifying 

subclinical hypocalcemia at 3 different cut-points (≤0.95, 1.00, and 1.05 mmol/L) cow-side using a fresh whole blood sample. The 

true ionized Ca status was considered to be the measurement obtained by the heparinized-balanced syringe analyzed in a benchtop 

blood-gas analyzer (ABL-800 FLEX, Radiometer) 

 

Cow-side method Cut-points 

 ≤0.95 mmol/L ≤1.00 mmol/L ≤1.05 mmol/L 

 % Sn 

(95% CI) 

% Sp 

(95% CI) 

% Sn 

(95% CI) 

% Sp 

(95% CI) 

% Sn 

(95% CI) 

% Sp 

(95% CI) 

Prototype 100 (15.8 ─ 100) 98 (92.8 ─ 99.8) 100 (39.8 ─ 100) 96 (89.7 ─ 98.9) 100 (59 ─ 100) 97 (90.8 ─ 99.3) 

VetScan i-STAT 100 (15.8 ─ 100) 97 (91.3 ─ 99.4) 100 (39.8 ─ 100) 97 (91.1 ─ 99.4) 100 (59 ─ 100) 93.6 (86.5 ─ 97.6) 
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DISCUSSION 

 The objectives of our study were to assess the performance of an optimized ISE Ca-

module prototype for measurement of iCa as a cow-side test and more formally evaluate the 

performance of a commonly used POC device (VetScan i-STAT). As a screening tool for 

hypocalcemia, the prototype device could be of great benefit to dairy practitioners as no other 

low-cost method is available in the medical field and represents a significant advance to the dairy 

industry. The limits of agreement obtained by the i-STAT device were narrower than the ones 

obtained by the prototype. Both instruments performed equally well in correctly classifying SCH 

and non-SCH cows using 3 different cut-point classifications. However, we caution readers 

about the potential overestimation of the Sn of both tests considering that the wide range of the 

95% CI indicates that not enough animals were classified as SCH in this dataset. Further 

validation studies using a population of cows with a higher prevalence of SCH might help 

improve estimates of method validity. 

 The Clinical and Laboratory Standard Institute, an organization that provides guidelines 

for standardization of methods across human laboratories, has recognized the difficulty in 

obtaining consistency of iCa results across ISE modules between manufacturers. Moreover, no 

formal guidelines on limits of agreement between ISE Ca-modules have been published by CLSI 

yet. For instance, Uyuanik et al. (2015) has shown limits of agreement for iCa between 2 blood-

gas analyzers (Nova Stat Profile Ciritical Care Xpress and Siemens RapidLab 1265) using 

arterial blood samples in humans to vary from -0.10 to + 0.13 mmol/L. De Koninck et al. (2012) 

has found a mean bias as low as 0.16% to as high as 7.84% in iCa measurements among 4 

portable cartridge-type analyzers used in human hospitals as patient-side devices against their 

laboratory reference method. Comparison of 2 POC instruments (VetScan i-STAT and EPOC 
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Blood Analysis system) in heparinized blood samples of dogs has shown that the limit of 

agreement was ±0.1 mmol/L between devices (West et al., 2014). It is important to note that 

whether a clinician decide to accept a higher degree of imprecision in a POC device depends on 

the type of diagnostic decision being made, and whether a wrongly classified outcome might 

lead to a harmful consequence. 

 To date, there is no other ISE Ca-module available as a low-cost POC (cow-side) 

instrument. However, several complicating factors make the application of this type of 

technology as a miniaturized hand-held device more difficult in the medical field. As iCa 

concentrations are kept to very narrow ranges in the blood of mammals, an accurate and precise 

tool is desirable for testing. Greater measurement accuracy in ISE modules are obtained when 

the sample being measured is at the same temperature of the calibration standards. That assertion 

is due to differences in slope calibration and ionic activity of the specimen that vary if both the 

calibrators and samples are not measured under the same temperature conditions. This 

phenomenon has been experimentally demonstrated in a study of one of the first ISE Ca-modules 

under investigation for use in clinical human medicine (Arnold et al., 1968), in which 

measurements performed at 22
o
C or 37

o
C resulted in different millivolt readouts. As a cow-side 

test under field conditions, it is not feasible to standardize the temperature of the calibrators and 

the blood sample; therefore, some degree of variation in ionic activity is expected. In fact, our 

results demonstrate that a lesser degree of variability in iCa measurements were obtained for the 

prototype in the laboratory, in which the temperature of the standards were kept at the same 

temperature to the samples under evaluation. Another complicating factor is the potential change 

in blood viscosity and therefore, electric potential, as to whether a fresh whole blood sample is 

used versus a heparinized sample. Sample viscosity has been shown to differ in heparinized dog 
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blood (Singh and Coulter, 1973). However, it is also possible that the measurement of a fresh 

whole blood sample could more closely resemble the true iCa status of the animal, as the sample 

being measured is done immediately after collection without any anticoagulants added to it. 

 In our study, the i-STAT measured iCa concentrations consistently lower than our 

laboratory reference method. Therefore, we caution clinicians and dairy consultants about the 

interchangeable use of reference intervals estimated for benchtop blood-gas analyzers against the 

i-STAT due to the negative constant bias we detected. To the best of our knowledge, only one 

other study has evaluated the i-STAT performance for iCa measurements using bovine blood 

from 24 clinically healthy individuals (Peiró et al., 2010). That study did not show the same 

systematic negative bias as we observed in our study, which may be due to the lower sample 

number or between-instrument and cartridge-type variation. We are unaware of any literature 

that compared the variability in iCa measurements between 2 or more i-STAT devices while 

using the same type of cartridge and batches. Moreover, the study from Peiró et al. (2010) 

showed that the limits of agreement varied ± 0.1 mmol/L between the i-STAT and their reference 

method, and concluded that the iCa measurements performed in the POC device are reliable. 

 One limitation of our analyses is the comparison of a heparinized-balanced sample versus 

a fresh whole blood sample. Even though the time from sample collection to laboratory analysis 

in the benchtop blood-gas analyzer was within a narrow time-frame, two biases could have been 

introduced (i.e., unknown differences in iCa between sample types, and variations in the analyte 

concentration due to delayed analysis). It is impractical to place a reference method like a 

benchtop blood-gas analyzer at the farm for side-by-side comparisons. Therefore, to the best of 

our ability, a heparinized-balanced syringe was used in an attempt to minimize variations in iCa 

concentrations that could have occurred in the delayed analyses. In human blood, heparinized-
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balanced syringes have been shown to not alter the iCa
 
concentrations when compared to fresh 

whole blood analyzed within 5 min of blood sampling (Toffaletti et al., 1991). Haverstick et al. 

(2009) has shown an iCa mean bias of -0.01 mmol/L when human blood collected in a 

heparinized-balanced syringe were analyzed immediately after collection and 7 h later. 

 Another potential limitation of our study is that while calibrations were being made 

before every single blood measurement in the prototype, no quality control (QC) check was 

performed as to verify whether the calibrations were being done correctly. Correctness during 

calibrations was solely based on the first author’s experience. For instance, the i-STAT device 

runs a QC-check before every cartridge is analyzed and no output of the results are given if the 

cartridge does not pass its quality check. A QC-check has not yet been fully developed for the 

prototype, and potential drifts in the zero potential and/or slope set-points could have occurred 

during calibration of the prototype and not been detected, that could have contributed to some 

variability in iCa measurements by the prototype. Recently, Newman and Behling-Kelly (2016) 

discussed critical points in quality assurance and control while using POC devices in veterinary 

medicine. As discussed by those authors, the ideal scenario would be the inclusion of at least 2 

QC levels (i.e., a normal and an abnormal level) to assure appropriate method performance. A 

QC-check would be of extreme importance to the prototype as it is questionable whether the 

average end-user will obtain the same results as the one attained in this study. Further studies are 

necessary after a QC-check is developed and the method starts to be commercially available. 

 Lastly, as a researcher educated and familiar with the developed technology was solely 

responsible for the operation of the prototype device during all the studies presented herein, very 

strict calibration protocols were instituted. Readers must be aware that results might differ if the 

prototype device is not correctly calibrated before sample measurement. This potential 
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measurement difference between research and field use by less careful operators might improve 

after development of a QC-check, and further work attempting to modify the calibration 

procedures for improved ease of clinical use (such as assessment of a one-point versus two-point 

calibration methods and a reduced requirement of the frequencies of calibrations). 

 

CONCLUSIONS 

 In our study, an optimized ISE Ca-module prototype demonstrated to be a potentially 

valuable tool for measurement of blood iCa cow-side if SCH classification cut-points can be 

established based on the Ca ionic form. Further testing using a population of cows with higher 

variability in iCa concentrations could lead to better establishment of method validity. 

Furthermore, exploration of the performance of the prototype using plasma and serum matrices 

should be performed to assess if this type of sample produces more accurate results. In addition, 

the i-STAT device has demonstrated to be an acceptable tool in bovine practice, though we 

caution against the systematic negative bias we found in this study. It is advisable that 

verification of each i-STAT device against a reference method is needed so the correct 

assessment of iCa status in individual patients can be done interchangeably. Short-term and long-

term imprecision, as well as studies of potential differences between and within-cartridge batches 

should be performed to assess the validity of the i-STAT method for research use. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 The objectives of the first 2 manuscripts of this dissertation were an attempt to address a 

small portion of the epidemiology of SCH. The sequence of the manuscripts within the 

dissertation follows the order in which the studies were performed. The first manuscript (“Risk 

factors associated with postpartum subclinical hypocalcemia in dairy cows”) sheds light on the 

importance of a more strict definition of the time-points in which plasma tCa is assessed in 

relation to parturition, as risk factors associated with SCH classification at calving or at 2 DIM 

were different. It may seem obvious to some readers that risk factors can vary depending on the 

time of sampling relative to calving in the transition cow, though epidemiologists need to 

understand that a cow at 0-1 DIM is metabolically different than a cow at 6-7 DIM. Therefore, 

any epidemiological work should carefully account for those variations (preferably in their study 

design and not statistically), and more strictly consider stringent criteria for blood sampling 

timeframes, for instance. The choice of categorization of SCH based on plasma tCa ≤2.1 mmol/L 

truly came from firsthand knowledge of the research group that derived that cut-point 

(epidemiologists from University of Guelph, Canada) and personal trust of their analytical 

capabilities and shared approached in model building strategies. Consequently, I was also biased 

on my own first study by accepting a cut-point created from a different study, other than 

estimating the true health and production burden of SCH for the cows in my study. However, the 

study by the Guelph group is very powerful as it involved several herds in the U. S. and Canada. 

In retrospect, my first manuscript chapter could have been greatly enhanced (or complicated) by 
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approaching the question in a more holistic way by considering a range of potential cut-points 

and reporting how/if the risk factors associated with each would differ. 

 Magnesium depletion has been associated with clinical hypocalcemia and we 

hypothesized that a potential subclinical hypomagnesemic state in the prepartum period could be 

associated with a higher risk of cows having lower Ca in the immediate postpartum. 

Unfortunately, the low prevalence of subclinical hypomagnesemia significantly impaired our 

ability to demonstrate any associations. With the wide application of negative DCAD-diets, 

which commonly include Mg sulfate salts, it is likely that the prevalence of Mg depletion in 

herds employing that nutritional strategy have decreased. However, herds not employing a 

negative-DCAD diet and not fully attempting to reduce K
+
 levels in the close-up ration could 

still experience a subclinical hypomagnesemic problem. Future observational studies should 

focus on herds that do not commonly employ a negative-DCAD diet in the prepartum period in 

order to estimate whether prepartum subclinical hypomagnesemia is more prevalent in those 

farms.  

 In the second series of the SCH work, the dataset showed that plasma tCa in the 

immediate postpartum was not a predictor for the most common postpartum outcomes, and only 

very low plasma tCa concentration was associated with DA in multiparous cows. Plasma tCa 

was not associated with any detrimental health or productive outcomes measured in primiparous 

cows. This study could have better explored the associations of tCa in younger cows by using a 

stratified model with only primiparous and second-lactation animals. As the Ca demands and 

nutrient partitioning of second-lactations cows are different than mature cows, a stratified 

analysis could have helped indicate whether an increased Ca imbalance issue at parturition could 

be present in that age-group. 
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 This study strongly promotes more work using longitudinal datasets that can more fully 

evaluate when SCH should be diagnosed and at what cut-points to use. Currently, a dataset 

including longitudinal blood sampling from cows at DIM 0 to 5, 7, and 10 from 2 herds in NY is 

being further explored. We hope to better elucidate when SCH should be assessed and which 

time-points are more sensitive in predicting different health and production outcomes. Only after 

results of longitudinal datasets are published on the topic, will the field be able to better assess 

what preventative strategies can help mitigate the disorder. For instance, Ca supplementation 

approaches could be studied in randomized clinical trials at different DIM, especially if the 

disorder could be better diagnosed after 24 to 48 h of parturition, as most intervention-type 

studies have explored supplementation strategies solely in the immediate postpartum period. 

Recent data from University of Florida (unpublished results) using calcitriol injection soon after 

parturition (6 h) has shown that blood tCa concentrations can be raised for the first 2-3 d after 

injection, though no positive health or production benefits were observed. It is likely that a more 

targeted approach (i.e., only to cows known to have a higher risk for SCH) should be studied 

separately from a complete blind randomized trial. 

 We found an association of lower plasma tCa with higher milk production in multiparous 

cows. Work presented at the 2017 American Dairy Science Association meeting from University 

of California, Davis, demonstrated that Jersey cows classified as SCH at parturition had higher 

concentrations of Ca in their colostrum than non-SCH classified-cows. As SCH is better 

characterized, studies evaluating the Ca dynamics in the milk and blood of transition cows 

should be performed to better elucidate and quantify the proportion of Ca drainage due to milk 

production relative to the postpartum active immune system. 

 The next step for this research will be to characterize the inter-herd variation in Ca 
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concentrations around calving by doing more strict sampling in a larger population of cows from 

a variety of herds using the most sensitive DIM for SCH categorization, and to investigate herd-

level risk factors and alarm levels for the disorder. 

 In the last piece of work of this dissertation, a very laborious and time-consuming work 

was performed on the optimization of a Ca ISE-module device for use in bovine blood. In 

addition, a commonly used POC device, the VetScan i-STAT, was included as part of the 

method comparison as data to fully support the validity of the test in dairy cattle was scarce. 

Unfortunately, total allowable error studies were not performed to indicate acceptable method 

performance for the prototype and the VetScan i-STAT; therefore, we are unsure whether the use 

of those tests in a quantitative manner is suitable for field use. A constant negative bias for the 

VetScan i-STAT versus the benchtop analyzer was revealed after Bland-Altman and Deming 

regression analyses. We are unaware of any other literature that has clearly demonstrated a 

constant bias of the VetScan i-STAT versus any other benchtop Ca ISE-module. Further studies 

should more formally evaluate the between-instrument bias and potential differences in results 

according to the type of i-STAT cartridge used. After categorization of the data into 3 potential 

cut-points for classification of SCH, both the VetScan i-STAT and the prototype performed 

equally well. As a qualitative test, the prototype can represent a significant advancement to the 

veterinary field provided the true cut-point for SCH can be established. Moreover, the evaluation 

of the instrument in serum and/or plasma merits further investigation.  

 The next step following this study would be to perform economic analyses to establish 

the potential savings in costs associated with a decrease in the use of blanket postpartum Ca 

supplementation and an increase in the use of targeted Ca supplementation provided a sensitive 

and specific test can be correctly instituted. Data from the 2014 USDA-NAHMS study shows 
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that Ca supplements (injectable and/or oral) are highly used in large dairy operations. A 

significant reduction in the number of treatments performed on-farm, or an ability to improve 

determination of which cows and when to supplement postpartum Ca, could represent significant 

savings to dairy farmers if a reliable test can be economically instituted on farms. 

 

Final Remarks 

 This dissertation advances and builds knowledge on a topic important to the dairy 

industry by focusing on characterization of SCH through large, epidemiological trials in Holstein 

dairy cows, and the development and potential application of an on-farm diagnostic tool. 

Therefore, it provides the basis for the development of practical strategies that can be applied at 

the herd- and cow-level to improve transition cow health and early-lactation performance.  


