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Noninvasive measurement of blood calcium concentration using electrocardiography in peripartum Jersey cows
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We previously developed a noninvasive method for measuring blood calcium concentration (Ca) in Holstein cows on site using electrocardiographic (ECG) variables and calving number, based on a high positive correlation between Ca. Jersey cows easily develop peripartum hypocalcemia compared with other dairy cows. The early detection and treatment of hypocalcemia are particularly important for Jersey cows because delayed treatment can result in various complications. In this study, to establish a simple, noninvasive, on-site diagnosis of hypocalcemia in perinatal Jersey cows, we attempted to create an equation for estimating Ca using ECG waveforms. Overall, 112 Jersey cows 0–2 days postpartum were used. The ECG findings of these cows were measured using the base-apex lead for 30 s and the corrected ST interval (STc = ST peak interval/SS peak interval0.5) was calculated. Simultaneously, blood was collected from the tail vein, and the serum total Ca (tCa) and serum ionized Ca (iCa) were measured. Several items considered related to Ca were investigated. A strong positive correlation was observed between the tCa and iCa (r = 0.96). A positive correlation was observed between the tCa and STc−1 (r = 0.83). Furthermore, significant correlations were observed between skin temperature, calving number, vigor level, rumen movement, and auricle temperature (p < 0.05). Of these, multiple regression analysis was performed to calculate the tCa estimation formula with the STc and calving number (categorized into primipara, second parity, and third or more parity) as explanatory variables and the tCa as the objective variable (r = 0.85, p < 0.01). Of 15 postpartum Jersey cows, the estimation formula could mostly distinguish between cows with hypocalcemia, those with subclinical hypocalcemia, and normal cows. Blood Ca in peripartum Jersey cows can be noninvasively estimated using ECG variables and calving number.
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1. Introduction

In animals, calcium is required for muscle contraction. Therefore, muscles relax as blood calcium concentration (Ca) decreases (1). This phenomenon is the same not only in skeletal and smooth muscle cells but also in cardiomyocytes (1), and fluctuations in Ca affect myocardial contraction and change the electrocardiogram (ECG) waveform.

In human medicine, a decrease in Ca prolongs the QT interval on ECGs (2, 3). Some authors have reported on the relationship between Ca and ECG waveforms in cattle. Littledike et al. (4) reported that the corrected QT interval (QTc) in cattle was proportional to the Ca in the low Ca region. Daniel et al. (5) reported that in cows, Ca were < 1.84 mmol/L when the QTc was >450 msec and > 2.09 mmol/L when the QTc was <400 msec. Furthermore, Matsuo et al. (6) reported a significant correlation between Ca and the QTc in cattle; however, estimating the Ca from ECG findings is difficult because the error is too large.

In contrast, Itoh et al. (7, 8) focused on the S and T waves, which show high peaks in cattle. The corrected ST interval (STc) was calculated by correcting the ST peak interval by the SS peak interval using Bazett’s equation (9) (STc [seconds] = ST peak interval [seconds]/SS peak interval [seconds]0.5). Then, in Holstein cows, it was clarified that there was a strong positive correlation between the inverse of the STc (STc−1) and Ca, and a method for estimating Ca using the STc−1 and calving number was reported. Although peripartum Jersey cattle are susceptible to develop hypocalcemia and have difficulties with recovery (10, 11), studies involving peripartum Jersey cattle have not been conducted.

In this study, we clarified the relationship between ECG waveforms and Ca in peripartum Jersey cows. Furthermore, to improve the accuracy of estimating Ca, we also clarified the relationship between Ca and other variables related to hypocalcemia [i.e., calving number, heart rate, vigor level, rumen movement, auricle temperature, and skin temperature (12)]. Using these variables, we created an equation for estimating the Ca and verified its effectiveness.



2. Materials and methods


2.1. Animals

This study was conducted using a total of 112 Jersey cows (parity: 3.7 ± 1.7) from 0 to 2 days postpartum on a dairy farm in Tokachi region, Hokkaido, Japan.



2.2. Sampling

ECG measurements were performed 3 h or more after milking. ECG was recorded for 30 s by the base-apex (A–B) lead using an ECG device (Harada Electronic Industry Ltd., Sapporo, Japan). Electrodes were positioned on the anterior border of the left shoulder blade (base: +) and 10 cm posterior to the left olecranon (apex: –). The ST peak interval and SS peak interval were extracted using the software Cattle ECG 2 (Hokkaido Research Organization Industrial Research Institute, Sapporo, Japan). Tail vein blood was collected in 5 mL plain tubes with rapid coagulation accelerator (Insepack II-D SMD750SQ-blue, Sekisui Medical, Tokyo, Japan). The collected venous blood was centrifuged at 3000 rpm for 15 min, and the serum was separated. The serum total Ca (tCa) was measured using a fully automated clinical chemistry analyzer (TBA-120FR, TOSHIBA Medical systems, Tokyo, Japan), and the serum ionized Ca (iCa) was measured using an ionized calcium analyzer (cobas b 221 system, Roche Diagnostics, Rotkreuz, Switzerland). All iCa values were adjusted to pH 7.4. Furthermore, vigor level, calving number, heart rate, rumen movement, auricle temperature, and skin temperature were recorded as variables related to hypocalcemia, other than ECG. The vigor level was categorized as “none” if there was obvious depression, including lying down, and as “normal” otherwise. Heart rate and rumen movement were determined through auscultation. Rumen movement was classified as “none” when audible motion was not detected during a 2 min auscultation and as “move” otherwise. Auricular and skin temperatures were confirmed through palpation. If they felt notably cold, they were classified as “cold” and as “warm” otherwise.



2.3. Confirmation of the correlation between the iCa and tCa

A correlation analysis between the iCa and tCa was performed. The correlation coefficient (r) and p-value (p) were evaluated using Pearson’s correlation coefficient test. While muscle contraction relies on iCa (1), clinical veterinarians often measure tCa to diagnose hypocalcemia. In this study, we opted to use tCa as the objective variable in the Ca estimation equation when a very high correlation was confirmed between the iCa and tCa.



2.4. Relationship between ECG variables and the tCa

The average of the STc was calculated from the ST peak intervals and SS peak intervals for 30 s. To clarify the relationship between the STc−1 and tCa, the correlation coefficient (r) and p-value (p) were obtained.



2.5. Correlation analysis of variables related to the tCa, other than ECG

We used the heart rate and calving number as continuous variables for analysis. Vigor level (0, none; 1, normal), rumen movement (0, none; 1, move), auricle temperature (0, cold; 1, warm), and skin temperature (0, cold; 1, warm) were used as categorical variables for analysis. Additionally, some previous reports on hypocalcemia in Jersey cows were analyzed by categorizing the calving number into primiparous and multiparous cows, or primiparous, second and third or more parity (13–15). Therefore, calving number 2 (0, primipara; 1, multipara) and calving number 3 (0, primipara; 1, second parity; 2, third or more parity) were also used for analysis. We performed correlation analysis for the tCa, STc−1, and aforementioned variables to obtain the correlation coefficient (r) and p-value (p) between each variable.



2.6. Creation of the formula for estimating the tCa

A multiple regression model was created using the tCa as the objective variable and STc and the variables related to the tCa, other than ECG, as the explanatory variables. The multiple regression equation for estimating the tCa, correlation coefficient (r), adjusted coefficient of determination (adjusted R2), and p-values (p) were calculated.



2.7. Verification of the estimation formula

To ascertain the credibility of the established multiple regression equation, we gathered ECG data and obtained tail vein blood from an additional 15 Jersey cows on the day following parturition. We then compared the estimated tCa using our prediction equation with the actual tCa. Clinical hypocalcemia was defined as tCa of <6.0 mg/dL (16, 17), and subclinical hypocalcemia was defined as tCa < 7.5 mg/dL (18).



2.8. Statistical analysis

All statistical analyses were performed using R (version 3.6.1). Correlation analyses between iCa and tCa, as well as between tCa and STc−1, were conducted using the Pearson’s correlation coefficient test subsequent to confirming normality through the Shapiro–Wilk test. For correlations involving tCa and variables excluding ECG, normality was verified via the Shapiro–Wilk test and then analyzed using Pearson’s correlation coefficient for normally distributed variables and Spearman’s rank correlation coefficient for other variables. The formula for estimating tCa was derived through multiple regression analysis. In the process of selecting explanatory variables, priority was accorded to those presenting objective numerical values and that could be incorporated into the estimation equation beforehand. Correlation coefficients (r) were considered to be very high at |r| > 0.9, high at |r| > 0.7, moderate at |r| > 0.50, and low at |r| > 0.3 (19). The goodness of fit of linear regression was considered acceptable at adjusted R2 > 0.5, according to a previous report (20, 21). Differences with p-values (p) < 0.05 were considered statistically significant.



2.9. Ethics statement

All protocols and procedures were approved by the Animal Care and Use Committee of Obihiro University of Agriculture and Veterinary Medicine (approval no. 20–89).




3. Results

A significant and very high correlation was confirmed between the iCa and tCa (r = 0.96, p < 0.01) in 112 cows (Figure 1). Therefore, an estimation formula was created using the tCa as an objective variable. Among these, 20 cows exhibited tCa below 6.0 mg/dL, and 31 cows fell within the range of tCa between 6.0 and 7.5 mg/dL.
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FIGURE 1
 Relationship between serum ionized Ca and serum total Ca in 112 Jersey cows 0–2 days postpartum. (All data originated from Jersey cows located on a single dairy farm situated within the Tokachi region of Hokkaido, Japan).


A significant and strong positive correlation was observed between the tCa and STc−1 in Jersey cows (r = 0.83, p < 0.01) (Figure 2).
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FIGURE 2
 Relationship between the STc−1 and serum total Ca in 112 Jersey cows 0–2 days postpartum. STc−1: the inverse of the ST peak intervals corrected for the SS peak intervals (heart rate) by Bazett’s formula. (All data originated from Jersey cows located on a single dairy farm situated within the Tokachi region of Hokkaido, Japan).


As variables related to the tCa other than the STc, a significant correlation was observed between skin temperature (r = 0.50, p < 0.01), calving number-3 (r = −0.30, p < 0.01), vigor level (r = 0.30, p < 0.05), rumen movement (r = 0.30, p < 0.05), auricle temperature (r = 0.29, p < 0.05), calving number (r = −0.25, p < 0.05), and calving number-2 (r = −0.23, p < 0.05).

In this study, we decided to select calving number-3, which is an objective numerical value and can be incorporated into the estimation formula in advance, among the variables with significant correlation. To derive a regression equation for estimating the tCa, multiple regression analysis was performed using the tCa as the objective variable and STc−1 and calving number-3 as explanatory variables. The following regression equation was obtained with r = 0.85, adjusted R2 = 0.72, and p < 0.01:
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The plot diagram of the measured and estimated tCa using 15 postpartum Jersey cows had r = 0.90 and p < 0.01. By employing thresholds of 6.0 mg/dL (assuming clinical hypocalcemia) and 7.5 mg/dL (assuming subclinical hypocalcemia), our estimation formula effectively differentiated between hypocalcemia and subclinical hypocalcemia in almost all cows (Figure 3). Of the four cows with estimated blood Ca of <6.0 mg/dL, three were lying down.

[image: Figure 3]

FIGURE 3
 Relationship between the estimated and measured values of the serum total Ca in 15 parturient Jersey cows. The solid line shows the relationship between y = x. Values below the blue dotted line indicate serum total Ca < 7.5 mg/dL. Values below the red dotted line indicate serum total Ca < 6.0 mg/dL. (All data originated from Jersey cows located on a single dairy farm situated within the Tokachi region of Hokkaido, Japan).




4. Discussion

Jersey cows have a higher occurrence rate of hypocalcemia than Holstein cows (10, 11). The rate of occurrence has been reported to be 5.4% in Holstein cows and 33.3% in Jersey cows (22). The main causes of this disparity are higher milk Ca and fewer intestinal 1,25(OH)2D3 receptors in Jersey cows than in Holstein cows (10). In this study, we used a total of 112 Jersey cows within 3 days postpartum that are susceptible hypocalcemia, and 48 showed hypocalcemia with tCa < 7.5 mg/dL.

Muscle contraction is dependent on the iCa (1). However, the tCa is more commonly measured than the iCa in many clinical fields (23–26). Although the iCa is usually considered to be approximately 45% of the tCa (27), because calcium in the blood is bound to albumin, the proportion of the iCa is higher in cows with hypoalbuminemia (28). Therefore, correcting blood albumin concentrations is necessary to evaluate hypocalcemia using the tCa (28). Although the blood albumin concentration was not shown in this study, it was confirmed that the iCa was very strongly correlated with the tCa; we considered that cows with hypoalbuminemia were excluded, and we created an estimation formula to calculate the tCa. However, developing a formula to estimate the iCa was also possible.

Electrolytes (Ca++, Na+ and K+) play a pivotal role in regulating the cyclic process of cardiac contraction and dilation. As these electrolytes move in and out of cardiomyocytes, they generate an electrical stimulus (potential difference) that propels heart contractions. Specifically, this electrical stimulation stems from Na+ influx into cardiomyocytes and is maintained by Ca++ influx (29). Any disturbance in electrolyte levels can impede electrical stimulation, consequently impacting cardiac function. In cases of hypocalcemia, the inflow of Ca++ into cardiomyocytes is delayed, leading to weakened cardiac contractions. Consequently, the ST interval on the ECG (QT interval in humans) experiences prolongation. Our previous report revealed an inverse relationship between tCa and STc in Holstein cows (7). This was also observed in Jersey cows. The regression analysis using the reciprocal of the STc showed a strong positive correlation between the tCa and STc−1 (r = 0.83). Using ECG in estimating the tCa was also effective in Jersey cows.

Vigor level, rumen movement, auricle temperature, and skin temperature in cows exhibited notable correlations with tCa and were identified as valuable explanatory variables for incorporation into the tCa estimation formula. These variables hold practical utility, as they can be easily tested on the farm. However, considering the practicality of tCa estimation using ECG in the field, we believe that attaching ECG to cows and monitoring their tCa from remote locations (e.g., home and clinic) would be valuable. Therefore, in this study, we selected the calving number, which can be incorporated into the estimation formula in advance, as the explanatory variable. When only the STc was used as an explanatory variable, the correlation coefficient was 0.83; however, when the calving number was added, the correlation coefficient increased to 0.85, improving the accuracy of the estimation formula. Recently, wearable sensors have also attracted attention in farm animals. In the future, it is expected that information on vigor, rumen movement, or skin temperature in cows will be available in real time using motion, acceleration, or temperature sensors. At that time, incorporating these variables into the estimation formula enables more accurate tCa estimation.

In this study, we investigated the following three types of variables for the calving number: “calving number,” which treats the number of parities as a continuous variable; “calving number-2,” which was classified into two categories (i.e., primiparous and multiparous); and “calving number-3,” which was classified into three categories (i.e., primipara, second parity, and third or more parity). As a result, “calving number-3,” which was classified into primipara, second parity, and third or more parity, had the highest correlation with the tCa, and this categorical variable was incorporated into the estimation formula. Hypocalcemia tends to occur in cows with a high calving number (30, 31); the formula for estimating Ca in Holstein cows used the calving number, which is a continuous variable (8). However, in this study, no relationship was observed between the calving number and Ca in cows with 3 or more parity. Given Jersey cows’ heightened susceptibility to hypocalcemia compared to Holstein cows (10, 11), it is possible that these animals might have encountered severe hypocalcemia by their second and third parity, potentially leading to culling. As a result, it is possible that only individuals who were less likely to develop hypocalcemia had repeated pregnancies and parturition. Verifying whether this phenomenon occurs in this farm only or whether it is generally observed is necessary.

A comparison of tCa estimates and tCa measurements using 15 parturient cows confirmed that the present formula derived from the STc and calving number can noninvasively predict Ca (i.e., hypocalcemia, subclinical hypocalcemia, or normal) in Jersey cows. Detecting subclinical hypocalcemia without blood sampling is important in managing hypocalcemia. ECG measurement in cows using AB leads is very simple. By incorporating an algorithm to extract the STc interval into the ECG, hypocalcemia in Jersey cows can be instantly determined without blood sampling. These are particularly useful in farms with inexperienced staff who cannot determine hypocalcemia from clinical signs. Furthermore, in the future, continuous 24 h ECG measurements in peripartum cows will enable real-time monitoring of hypocalcemia.

Only a few farms breed Jersey cows in Japan, and the farm used in this study was the only farm that breeds several Jersey cows in our city. In the future, we plan to increase the number of surveyed animals to improve the accuracy of the Ca estimation formula; furthermore, we should also increase the number of farms.
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