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Graphical Abstract

Summary
Individual blood samples from newborn calves show variability in the noncellular proportion of blood during 
the time of transfer of passive immunity (TPI) assessment. Categorization of TPI using unadjusted total protein 
concentration (uTP) was compared with total protein concentration adjusted using the sample average 
proportion of plasma in blood (aTP). Adjusting total protein increased the proportion of calves with poor or fair 
TPI and decreased the proportion of calves with good or excellent TPI. Created with BioRender.com.

Highlights
• Calves showed individual variability in the degree of hemoconcentration.
• Adjusting total protein increased the proportion of calves with poor and fair TPI.
• Variability in hemoconcentration should be considered when assessing TPI.  
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Abstract: Assessing transfer of passive immunity (TPI) is a critical management strategy to evaluate colostrum management and feeding; 
however, variability in hemoconcentration or serum or plasma volume in calves might influence TPI assessment. The objectives of this 
study were to (1) describe the variability in hemoconcentration as well as TPI in Holstein calves in New York State and (2) describe the 
effect of adjusting total protein (TP) for the degree of hemoconcentration by applying a sample average proportion of plasma in blood 
(PP) on TPI assessment. Records of TP and PP from 703 Holstein calves 1 to 9 d of age from 19 commercial dairy farms were analyzed. 
The PP was determined by centrifugation of microhematocrit tubes and serum and plasma TP was determined by digital refractometry. 
Transfer of passive immunity was categorized using unadjusted TP (uTP) as excellent = ≥6.2, good = 5.8–6.1, fair = 5.1–5.7, and poor 
<5.1 g/dL. Individual calf TP concentrations were adjusted to the sample average PP and TPI categories were reassessed using the 
adjusted TP value (aTP). The sample mean ± SD (range) PP was 68.8% ± 5.8% (50.5% to 86.0%). The PP was lower on d 1 compared 
with d 7 of age. Using uTP to categorize TPI, 22 (3.1%) calves had poor, 113 (16.2%) calves had fair, 164 (23.6%) calves had good, and 
397 (57.1%) calves had excellent TPI, respectively. After adjusting TP for hemoconcentration, TPI determined using aTP resulted in 52 
(7.5%, +4.4 percentage points) calves in poor, 137 (19.7%, +3.5 percentage points) calves in fair, 122 (17.5%, −6.1 percentage points) 
calves in good, and 385 (55.3%, −1.8 percentage points) calves in excellent. The mean (range) proportion of calves with TPI determined 
using uTP by farm was 3.9% (0% to 16%) for poor, 19.0% (2% to 36%) for fair, 25.3% (10% to 42%) for good, 51.8% (26% to 83%) 
for excellent. When categorized using aTP, the proportion of calves by farm was 8.1% (0% to 21%) in poor, 20.5% (8% to 42%) in fair, 
19.1% (6% to 33%) in good, and 52.4% (27% to 83%) in excellent TPI. In conclusion, PP was variable in calves during the time of TPI 
assessment and this variability should be considered when assessing TPI at the calf- or herd level.

Neonatal calves rely on colostrum ingestion to acquire passive 
immunity as well as for nutrients, hormones, and bioactive 

factors (Fischer-Tlustos et al., 2021; Lopez and Heinrichs, 2022). 
Achieving adequate passive immunity has been recognized as a 
key management factor to reduce preweaning morbidity and mor-
tality as well as improve ADG and increase the likelihood to reach 
first insemination and calving (Crannell and Abuelo, 2023; Sutter 
et al., 2023). Transfer of passive immunity (TPI) can be directly 
assessed by measuring IgG concentrations in serum or plasma or 
indirectly assessed using a refractive index measurement in 1- to 
9-d-old calves (Wilm et al., 2018). Estimation of total protein (TP) 
in serum and plasma by refractometry has shown strong correla-
tion (r = 0.74 to 0.93) with the gold standard measurement, radial 
immunodiffusion (Deelen et al., 2014; Elsohaby et al., 2015, 2019; 
McCracken et al., 2017), providing a rapid method for on-farm TPI 
assessment. Although the prevalence of poor TPI has decreased 
(USDA, 1993; Urie et al., 2018), the benefits of achieving higher 
blood concentrations of IgG in the calf have been emphasized 
(Lombard et al., 2020). Using the latest recommendation for TPI 
categories, Lombard et al. (2020) proposed >40%, 30%, 20%, and 
<10% of calves in a herd should achieve excellent, good, fair, and 
poor TPI (categorized as ≥6.2, 5.8 to 6.1, 5.1 to 5.7, and <5.1 g/dL 
unadjusted TP [uTP]), respectively. Using records from a commer-

cial dairy farm in Michigan, Crannell and Abuelo (2023) reported 
TPI proportions that met the aforementioned recommendations; 
however, reports of the prevalence of TPI using the recommenda-
tions introduced by Lombard et al. (2020) on multiple dairy farms 
remain scarce to date.

Serum and plasma volume comprises approximately 9% to 10% 
of BW in neonatal calves (Quigley et al., 1998). Circulating blood 
contains a cellular component, made up mostly of red blood cells, 
and the plasma/serum fraction. Packed cell volume (PCV) is a 
quantitative measurement to determine the cellular proportion of 
blood and has a moderate positive correlation with dehydration (r = 
0.51; R2 = 0.77) in calves (Constable et al., 1998). Variability in the 
proportion and volume of serum or plasma in blood of 1- to 9-d-
old calves has been demonstrated (Quigley et al., 1998; Panousis 
et al., 2018). This variability could influence the concentration of 
solutes in serum and plasma including IgG and TP and therefore 
affect the classification of TPI. Previous authors have observed 
higher concentrations of TP in dehydrated calves (Walker et al., 
1998; Singh et al., 2014), but our current methods to assess TPI do 
not consider the influence of the volume or proportion of serum/
plasma in blood.

Because of the variability in the serum or plasma fraction of 
blood in calves, we investigated the variability in hemoconcen-
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tration in a cohort of calves assessed for TPI and considered the 
possible changes in interpretation of the obtained values and result-
ing categories of TPI success when adjusting TP by the degree of 
hemoconcentration determined by the proportion of plasma (PP) 
in blood. We hypothesized that adjusting TP would affect the indi-
vidual calf TPI categorization and the proportion of calves within 
a TPI category. Our objectives were to (1) describe the variability 
in PP as well as TPI in newborn Holstein calves in New York State 
and (2) describe the effect of adjusting TP by applying the sample 
average PP on TPI assessment.

Records of TP and PCV were compiled from 703 Holstein 
calves aged 1 to 9 d from 19 commercial dairy farms enrolled in 2 
previous studies (Molano et al., 2020; Westhoff et al., 2023). Pro-
cedures for each study were approved by the Cornell University 
Institutional Animal Care and Use Committee. Calf management 
and colostrum feeding were previously described in detail (Molano 
et al., 2020; Westhoff et al., 2023) and practices were representa-
tive of those used in calf research and on commercial dairy farms 
in New York, respectively. In brief, in the first study, 39 male and 
39 female calves born at the Cornell University Ruminant Center 
(farm code A) were offered 2 colostrum meals. Within 2 h of birth, 
calves received 4 L of fresh maternal colostrum (Brix ≥21.0%) and 
an additional 2 L of maternal colostrum (Brix ≥21.0%; Molano et 
al., 2020) was fed to all calves at 12 h of age. On d 2, blood was 
collected by jugular venipuncture into evacuated collection tubes 
containing sodium heparin. Blood was placed on ice until analysis.

In the second study, Holstein female calves (n = 625) from 18 
New York dairy farms (farm codes B–U) enrolled in an observa-
tional study (Westhoff et al., 2023) were selected by convenience 
as calves between 1 and 9 d of age present on the farm at the time of 
the visit. Calf management and colostrum feeding were performed 
according to existing farm protocols. The dairy producers reported 
feeding 3.78 L of maternal colostrum at first feeding (n = 18; 
100%) and offering one (n = 5; 27.8%), 2 (n = 10; 55.5%), or 3 (n 
= 3; 16.7%) colostrum meals to heifer calves. Each farm was vis-
ited 4 times, approximately 3 mo apart and blood from calves was 
collected into plain serum tubes and those containing K2 EDTA. 
Samples containing K2 EDTA were placed on ice immediately and 
whole blood was allowed to clot at ambient temperature for 30 min 
before being placed on ice for transportation to the laboratory.

Within 12 h of collection, K2 EDTA or heparinized whole blood 
was centrifuged at 13,000 or 13,200 × g in microhematocrit tubes 
at room temperature for 5 or 13 min, respectively. Packed cell 
volume percentage was determined as the interface between the 
cellular and noncellular fractions and PP was calculated as (100 − 
PCV%). Serum and plasma were harvested by centrifugation at 
2,300 × g at 4°C for 15 min and at 3,000 × g at 4°C for 20 min, 
respectively, to estimate TP using a digital refractometer (Palm 
Abbe, Misco). Refractometers were zero-set with distilled water 
and calibrated (refractometer calibration fluid, Misco) according to 
the manufacturer’s instructions. Calves were categorized by TP 
into 4 categories to assess TPI according to the cut points described 
using uTP in serum by Lombard et al. (2020): excellent = ≥6.2, 
good = 5.8–6.1, fair = 5.1–5.7, poor <5.1 g/dL. To describe how 
consideration of hemoconcentration would affect categorization of 
TPI, TP was subsequently adjusted to the average sample PP using 

the equation aTP uTP
µPP PP

= , where aTP = adjusted TP, uTP = 
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Figure 1. Distribution of the proportion of plasma in blood (PP; A), unad-
justed total protein concentration (uTP; B), and total protein concentration 
adjusted to the sample mean PP (aTP; C) from 696 Holstein calves aged 1 to 
9 d old from 19 commercial dairy farms.
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individual unadjusted TP, µPP = sample mean PP, and PP = indi-
vidual PP. Category of TPI was again assessed by using the aTP. A 
chi-squared test (JMP Pro v. 17.0.0; SAS Institute Inc.) was used to 
investigate the difference in TPI categorized by uTP and aTP. 
Mixed effects ANOVA were conducted in JMP Pro to explore dif-
ferences in PP, uTP, and aTP by age of sampling. Models included 
the fixed effect of age and the random effects of farm and birth 
month. Tukey’s post hoc test was used to adjust for multiple com-
parisons.

A total of 696 calves remained in the final dataset. Two and five 
calves were removed for missing data and being sampled outside 
of 1 to 9 d of age, respectively. Of the 696 calves, 19 (2.7%) were 
sampled on d 1, 164 (23.6%) on d 2, 121 (17.4%) on d 3, 92 
(13.2%) on d 4, 90 (12.9%) on d 5, 67 (9.6%) on d 6, 61 (8.8%) on 
d 7, 49 (7.1%) on d 8, and 33 (4.7%) on d 9 of age. Sample mean ± 
SD (range) was 68.8% ± 5.8% (50.5% to 86.0%) for PP, 6.3 ± 0.7 
(4.2 to 9.2) g/dL for uTP, and 6.4 ± 0.9 (4.0 to 9.6) g/dL for aTP 
(Figure 1).

The results for PP, uTP, and aTP by age of the calf are shown 
in Figure 2. Plasma proportion was associated with age (P = 0.05) 
such that PP on d 1 was lower than on d 7 (66.0% ± 1.4% vs. 70.7% 
± 1.0%; P = 0.05), respectively. Unadjusted TP was greater on d 2 
(6.6 ± 0.1 g/dL) compared with d 4 (6.1 ± 0.1 g/dL; P < 0.01), d 5 
(6.1 ± 0.1 g/dL; P < 0.01), d 6 (6.1 ± 0.1 g/dL; P < 0.01), d 7 (6.2 ± 
0.1 g/dL; P < 0.01), and d 9 (6.0 ± 0.1 g/dL; P < 0.01), respectively. 
Adjusted TP was higher on d 2 (6.6 ± 0.1 g/dL) compared with d 
5 (6.2 ± 0.1 g/dL; P < 0.01) and d 6 (6.1 ± 0.1 g/dL; P = 0.01), 
respectively.

The proportion of calves in each TPI category, determined via 
uTP and aTP, by farm is presented in Figure 3A and 3B, respec-
tively. When categorized using uTP, 22 (3.1%) calves had poor 
TPI, 113 (16.2%) calves had fair TPI, 164 (23.6%) calves had good 
TPI, and 397 (57.1%) calves had excellent TPI. The mean (range) 
proportion of calves in each TPI category, determined with uTP, 
by farm was 3.9% (0% to 16%) for poor, 19.0% (2% to 36%) for 
fair, 25.3% (10% to 42%) for good, and 51.8% (26% to 83%) for 
excellent. Adjusting TP with the mean PP affected categorization 
of TPI (P < 0.01) such that TPI determined using aTP resulted in 
52 (7.5%, +4.4 percentage points) calves in poor, 137 (19.7%, +3.5 
percentage points) calves in fair, 122 (17.5%, −6.1 percentage 
points) calves in good, and 385 (55.3%, −1.8 percentage points) 
calves in excellent. The mean (range) proportion of calves in each 
TPI category, determined with aTP, by farm was 8.1% (0% to 21%) 
for poor, 20.5% (8% to 42%) for fair, 19.1% (6% to 33%) for good, 
and 52.4% (27% to 83%) for excellent.

The first objective of this study was to describe the variability 
in PP and TPI in Holstein calves in New York State. Hematologic 
parameters from 1- to 9-d-old Holstein calves showed a mean ± 
SD (range) PP of 72.8% ± 5.6% (57.2%–87.6%) and uTP of 6.3 ± 
0.9 (4.0–9.0) g/dL, and calves demonstrated a greater variability in 
PP compared with mature cows (Panousis et al., 2018). Previous 
authors have suggested that several factors such as the breed, sex, 
health status, and age as well as feeding volume and transporta-
tion can, in part, explain the variability in hemoconcentration. 
Compared with Jersey and female calves, plasma volume or PP 
were greater in Holstein (Quigley et al., 1998) and male calves 
(Raleigh and Wallace, 1962; Dillane et al., 2018; Panousis et al., 
2018), respectively. Furthermore, PP was lower in diarrheic calves 
(56.2% ± 0.5%) compared with healthy control calves (65.9% ± 
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Figure 2. Proportion of plasma in blood (PP; A), unadjusted total protein 
concentration (uTP; B), and total protein concentration adjusted to the 
sample mean PP (aTP; C) from 696 Holstein calves aged 1 to 9 d old from 19 
commercial dairy farms. Data presented as LSM ± SEM. Least squares means 
with different letters differ (P ≤ 0.05; Tukey’s test).
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0.4%; Singh et al., 2014), likely due to dehydration. In agreement 
with the current study, PP was affected by age of the calf such that 
PP was higher at 24 and 48 h compared with at birth in beef calves 
raised on their dams (Adams et al., 1992) and median PP decreased 
from 1 to 2 d, increased from 2 to 4 d, and then decreased until 8 d 
in Holstein calves (Panousis et al., 2018). Moreover, variables that 
could affect hydration such as feeding volume and frequency as 
well as transportation were shown to affect average PP (Knowles et 
al., 1997; Bernardini et al., 2012; Jongman et al., 2020).

In recognition of the variability in PP during the time of TPI 
assessment, our second objective was to describe the influence of 
adjusting TP to the average sample PP on TPI assessment. Under 
the assumptions that the number and volume of red blood cells is 
constant, PP is a reliable method to estimate plasma volume during 
this dynamic period (Miki et al., 1987; Austin et al., 2011). Thus, a 
lower and higher PP compared with the sample mean can be inter-
preted as a decrease and increase in plasma volume, respectively. 
Because the variability in PP affects uTP concentration, misclas-
sification bias occurred when calves were classified into TPI 
categories using uTP. Dehydration is a plausible explanation for a 
lower plasma volume in neonatal calves. In work by Constable et 
al. (1998), Walker et al. (1998), and Slanina et al. (1984b), calves 
with dehydration, induced by diuretic agents, had a lower PP and 
increased uTP. Moreover, uTP was greater in diarrheic calves (7.74 
± 0.08 g/dL) compared with healthy calves (7.16 ± 0.07 g/dL; 
Singh et al., 2014). In contrast, a relative increase in PP might be 
explained by anemia, a condition associated with nutrient or trace 
mineral deficiency during pregnancy (Abu-Ouf and Jan, 2015), or 
excessive blood loss during or after birth. For example, serum iron 
(54.1 ± 40.9 µg/100 mL) was lower in ≤3-d-old anemic calves with 
PCV ≤25.0% compared with calves with a PCV >25.0% (129.2 ± 
62.9 µg/100 mL; Tennant et al., 1975).

The concept of adjusting hematological parameters using an 
indicator of hemoconcentration has been previously reported 
(Slanina et al., 1984a; Zhang et al., 2022), but has received little 
attention for the widespread assessment of TPI in neonatal calves. 
In Zhang et al. (2022), PCV correction in human blood samples 
improved the correlation between procalcitonin concentrations 
determined in plasma and whole blood. By adjusting TP using the 

mean PP in the sample of calves in the current study, we observed 
a reduction of calves in the excellent and good TPI categories and 
an increase in the proportion of calves with poor and fair TPI. Fur-
thermore, adjustment of TP increased the number of farms (n = 7) 
that did not achieve the benchmark of <10% of calves with poor 
TPI (Lombard et al., 2020).

Our data suggest that recognition of the variability in PP during 
the time of TPI assessment is important for individual TPI catego-
rization as well as herd-level monitoring. In alignment with the 
recommendation by Tyler et al. (1999), addressing the variability 
during statistical analysis by offering PCV as a covariate adjust-
ment in multivariable models, or mathematically adjusting TP with 
PP, as performed here, could provide a quantitative approach to 
minimize the influence of hemoconcentration on TPI assessment 
and should be taken into consideration when assessing hematologi-
cal parameters, including IgG concentration, in newborn calves. 
Adjustment of TPI measures by one of the aforementioned meth-
ods allows inclusion of all eligible calves in a source population 
and addresses the concern that exclusion of calves with obvious 
dehydration or low PP values likely leads to underestimation of 
poor TPI.

Because IgG concentration was not determined in the current 
study, the correlation between aTP and aIgG concentrations war-
rants further investigation. Furthermore, the cutpoints derived 
using uTP, described in Lombard et al. (2020), were used in 
this study to emphasize the influence of PP on TPI assessment. 
Comparisons of morbidity, mortality, and future performance of 
calves in TPI categories assessed using aTP or aIgG are needed to 
confirm the validity of these cutpoints for use with aTP and aIgG 
concentration. Since several factors affect hemoconcentration, as 
described above, TPI measures should be adjusted at the sample 
level to increase the internal validity of findings as well as improve 
comparison with findings from other source populations. Future 
research is needed to understand the variability in PP in different 
sample sets, regions, and management styles as well as determine 
whether adjustment is robust to outliers in samples with low or 
high mean PP. As a first step, we envision that PP variability in 
the study sample should be routinely reported and unadjusted and 
adjusted values presented to inform the reader.

716Westhoff et al. | Hemoconcentration in neonatal dairy calves

Figure 3. Transfer of passive immunity classification for 696 Holstein calves aged 1 to 9 d old from 19 commercial dairy farms. Calves were categorized by their 
unadjusted total protein concentration (A) or total protein concentration adjusted to the sample mean plasma proportion to account for hemoconcentration 
(B; excellent = ≥6.2, good = 5.8–6.1, fair = 5.1–5.7, poor <5.1 g/dL; Lombard et al., 2020).
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Results from this study show that PP was variable during the 
time of TPI assessment and this variability could influence the 
interpretation of TPI at the individual, herd, and source population 
level. When categorized using uTP, 22 (3.1%) calves had poor TPI 
and 561 (80.7%) calves were classified as having good or excel-
lent TPI. However, when adjusting TP for the sample mean PP, the 
proportion of calves with poor TPI increased by 4.4 percentage 
points and the proportion of calves with good or excellent TPI 
decreased by 7.9 percentage points. In conclusion, variability in 
hemoconcentration as well as serum or plasma volume should be 
considered when assessing individual or herd-level TPI in calves.
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