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A Comparison of Whole Blood and Plasma Osmolality
and Osmolarity
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Background: Substituting whole blood os-
molality for plasma osmolality could ex-
pedite treatments otherwise delayed by
the time required to separate erythro-
cytes from plasma. The purpose of this
study was to compare the measured os-
molality (mmol/kg) and calculated osmo-
larity (mmol/l) of whole blood and plasma.
Methods: The osmolality of whole blood
and plasma was measured using freezing
point depression by micro-osmometer and
osmolarity calculated from biosensor mea-
sures of sodium, glucose, and blood urea
nitrogen. The influence of sample volume
was also investigated post hoc by compar-
ing measured osmolality at 20 and 250 μl.
Results: Sixty-two volunteers provided 168
paired whole blood and plasma samples
for analysis. The mean difference (whole
blood − plasma; ±standard deviation) in os-
molality was 10 ± 3 mmol/kg. Whole blood

was greater than plasma in 168 of 168
cases (100%) and data distributions over-
lapped by 27%. The mean difference in os-
molarity was 0 ± 2 mmol/l. Whole blood
was greater than plasma in 90 of 168 cases
(56%) and data distributions overlapped by
90%. The osmol gap (osmolality − osmo-
larity) was 16 ± 6 mmol for whole blood
and 7 ± 5 mmol for plasma. Ten volun-
teers were tested on one occasion post hoc
to investigate the potential effects of sam-
ple volume. The difference between whole
blood and plasma was reduced to 3 ± 2
mmol/kg with a larger (250 μl vs. 20 μl) sam-
ple volume. Conclusions: This investigation
provides strong evidence that whole blood
and plasma osmolality are not interchange-
able measurements when a 20 μl sample
is used. J. Clin. Lab. Anal. 28:368–373,
2014. C© 2014 Wiley Periodicals, Inc.
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INTRODUCTION

The measurement of plasma osmolality, whether alone
or in conjunction with other body fluids and electrolytes,
provides important diagnostic and prognostic value for
a variety of disturbed states of body fluid balance (1–8).
The longstanding clinical significance of the plasma osmol
gap (9,10) is similarly appreciated (1,11,12) despite active
debate concerning the most appropriate nomenclature
(9, 13) and formulae (14–20). In emergency situations
(21, 22) or those in which a field expedient test of osmo-
lality is desirable (23), the use of whole blood osmolality
could expedite treatment otherwise delayed by the time re-
quired to separate erythrocytes from plasma, particularly
when very small sample volumes are required (21, 24).

The constancy of osmotic activity inside and outside
living mammalian cells (25–27) strongly suggests that the
osmolality of whole blood and plasma should be equiva-
lent. Indeed, the molar concentration of individually dis-
solved substances per unit water volume (mmol/l) is the
same between plasma and whole blood when molarity

is determined by direct measures of substance activity
or when other means are used so long as correction is
made for differences in plasma and whole blood water
fractions (7, 28, 29). The plasma molal concentration of
all dissolved substances per unit water mass (osmolality,
mmol/kg) will generally agree within 10 mmol units of
the summed plasma molar concentrations of the primary
osmotic substances (e.g., sodium, glucose, blood urea ni-
trogen) (10). This is true independent (15,19) of whether a
correction is applied for the difference in mass concentra-
tion of water (13). However, there is reason to speculate
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that osmometry might produce different results between
whole blood and plasma. For example, whole blood has
a significantly higher viscosity than plasma (30) and con-
tains suspended particles that can act as nuclei for crys-
tallization, thus potentially reducing freezing point and
increasing osmolality (31). The more heterogeneous char-
acter of whole blood (vs. plasma) has long been suspected
to be problematic where osmometry is concerned (32),
and might be particularly challenging in situations where
the sample volume is necessarily small (21, 24).

Despite the theoretical limitations of performing os-
mometry on whole blood samples, excellent agreement
has been reported between whole blood and plasma in
the form of small mean differences and large correlation
coefficients (21, 22, 24, 32). A wide range of sample vol-
umes has been used when considering both vapor pressure
(5 μl) and freezing point depression (20–200 μl) tech-
niques. The appearance of a close agreement may be
somewhat misleading, however. In one study reporting
approximate mean differences (whole blood–plasma) of
less than 1–2 mmol/kg and a correlation coefficient
of 0.96, individual differences were quite large (+22 to
−18 mmol/kg) (22). In all studies in which a correlation
coefficient was reported (21, 22, 24, 32), the relevant but
wide range (70–200 mmol/kg) for osmolality measures
may have also inflated the explained variance (33). A more
recent study with dogs reported that whole blood osmo-
lality was consistently 10 mmol/kg higher than plasma
when a micro-osmometer (20 μl) was used (34), which
is similar to unpublished observations from our labora-
tory. In light of the limited details available for comparing
agreement and the larger mean differences between whole
blood and plasma reported more recently in dogs (34), it
seems prudent to reconsider the general conclusion that
whole blood and plasma are interchangeable quantities.

The purpose of this study was to compare plasma and
whole blood on indices of measured osmolality and cal-
culated osmolarity in order to better understand the po-
tential for whole blood to replace plasma when there is a
desire to rapidly measure the osmolality of small sample
volumes. A secondary, post hoc, study purpose was to
compare the results obtained using 20 and 250 μl sample
volumes.

MATERIALS AND METHODS

Participants in this investigation were studied under or-
dinary living conditions (nearly free-living) between 0800
and 1200 hr. Specific instructions were limited to request-
ing that they continue their ordinary food and fluid intake
and physical activity patterns throughout their participa-
tion in the study. Study restrictions were limited to ab-
stention from alcohol consumption for ≥24 h and food
and fluid ≥90 min prior to each visit. The use of di-

etary supplements, and any medication other than an
oral contraceptive was also prohibited. Volunteers were
provided informational briefings and gave voluntary, in-
formed written consent to participate. Investigators ad-
hered to AR 70-25 and US Army Medical Research and
Materiel Command Regulation 70-25 on the use of vol-
unteers in research. The US Army Research Institute of
Environmental Medicine Human Use Review Committee
approved this study. Upon arrival to the laboratory, con-
firmation of adherence to study restrictions was obtained.
Clothed body mass (kg) was then measured (stationary
scale, model WSI-600, Mettler Toledo, Toledo, OH), as
well as standing height (cm; portable stadiometer, model
217, Seca, Hanover, MD) with shoes removed. Subjects
were then seated and after a 20-min stabilization period,
blood was drawn from an antecubital vein without stasis.

Two blood samples were collected into 2.7 ml lithium-
heparin tubes (Sarstedt-Monovette

R©
, Newton, NC). One

sample was set aside for immediate whole blood osmo-
lality analysis, while the other sample was centrifuged
at 1,500 × g for 15 min at 5◦C to acquire plasma. A
20 μl aliquot sample of whole blood or plasma was imme-
diately transferred to sample cuvettes for osmolality de-
termination. Osmometry of whole blood and plasma was
performed in triplicate via freezing-point depression with
a calibrated (ClinitrolTM 290 Reference Solution, Nor-
wood, MA) micro-osmometer (Fiske

R©
Micro-osmometer,

Model 210, Norwood, MA) dedicated for blood analy-
sis. When the triplicate intrasample measures differed by
≤3 mmol/kg (∼1%), the median value was used. If the
triplicate intrasample measures differed by >3 mmol/kg,
two additional samples were measured and the median
value was used (35). Whole blood and plasma (150 μl)
were also analyzed for sodium, potassium, calcium, mag-
nesium, and blood urea nitrogen by direct ion-selective
electrode; glucose and lactate was analyzed by enzymatic
determination; hematocrit was measured by conductiv-
ity with sodium correction and hemoglobin was mea-
sured by multiwavelength reflectance with conductivity
correction; all analyses were performed using a Stat Pro-
file Critical Care Xpress (Nova Biomedical, Waltham,
MA). Plasma proteins were measured by refractometry
(1110400A TS Meter, AO Reichert Scientific Instruments,
Keene, NH). Osmolarity of whole blood and plasma was
calculated from sodium, glucose, and blood urea nitrogen
according to Mahon et al. (36). Plasma water concentra-
tion was calculated from plasma proteins (37) and whole
blood water concentration from plasma water and hemat-
ocrit, assuming 71% water concentration for erythrocytes
(29).

A secondary, post hoc research study question was
investigated using a smaller number of volunteers in
whom a single whole blood and plasma sample was ob-
tained as described above. Samples were assayed only for
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osmolality, but were compared using both the 20 μl
Fiske

R©
Micro-osmometer and a larger 250 μl Advanced

R©

Model 3250 single sample osmometer (Norwood, MA).
Data normality was tested using the D’Agostino-Pearson
omnibus test for skewness and kurtosis. Paired t-tests were
used to compare the statistical significance (P < 0.05) of
mean differences between whole blood and plasma (os-
molality and osmolarity) when investigating both the pri-
mary and secondary study questions. For the secondary
study question, an appropriate Bonferroni correction was
made (α/4 = 0.01) to account for the four comparisons
made. The degree of distribution overlap was assessed to
judge the importance of differences in the larger primary
study sample only (38). Pearson correlation coefficients
were used to examine simple associations. All parametric
data are described using the mean ± standard deviation.
Nonparametric data are represented using the median and
(range).

RESULTS

Participants for this study included a heterogeneous
sample of 62 healthy soldier and civilian volunteers
(44 men, 18 women). Descriptive volunteer information
included a median age of 24 years (19–46), height of
173 cm (117–193), and weight of 78.3 kg (48.8–111.8).
All volunteers participated in one, two, or three test days.
The median time interval between repeat days was 2 days
(1–349). A total of 168 paired whole blood and plasma
samples were obtained for analysis. A separate smaller
group of 10 soldier and civilian volunteers (six men, four
women) participated in the post hoc study investigation.
Volunteers had a median age of 29 years (23–47), height
of 175 cm (157–190), and weight of 73.9 kg (56.8–93.2).

Plasma proteins (75 ± 4 g/l), hematocrit (0.41 ± 0.03),
and hemoglobin (141 ± 12 g/l) were within typical limits
(39). Whole blood and plasma water concentrations were
also typical at 84.0 ± 0.8% and 92.9 ± 0.3%, respectively.
The analytical coefficient of variation for whole blood
and plasma osmolality was calculated from ten triplicate
measures [(standard deviation/mean) × 100] and was 0.6
and 0.5%, respectively. Table 1 provides a comparison
of the molar concentrations of select substances in whole
blood and plasma. Figure 1 provides a plot of whole blood
(x-axis) versus plasma (y-axis) osmolality (A) and osmo-
larity (B). The mean difference (whole blood–plasma) in
osmolality was 10 ± 3 mmol/kg (P < 0.001), whereby
whole blood was always greater than plasma (168/168
or 100%). The mean difference in osmolarity was 0 ±
2 mmol/l (P < 0.05), whereby whole blood was greater
than plasma in 90 of 168 cases (56%). The correlation
coefficient between whole blood and plasma was the
same (r = 0.75, P < 0.05) for osmolality and osmolarity.
Figure 2A and B shows the Gaussian frequency distribu-

TABLE 1. Concentration (mmol/l) of Select Substances in
Whole Blood and Plasma

Whole blood Plasma

Sodium 139 ± 1 139 ± 1
Potassium 4.2 ± 0.2 4.1 ± 0.3
Chloride 106 ± 2 107 ± 2
Calciuma 1.2 ± 0.0 1.2 ± 0.1
Magnesiuma 0.6 ± 0.0 0.6 ± 0.1
Glucoseb 5.5 ± 0.6 5.5 ± 0.6
Lactate 1.6 ± 0.7 1.5 ± 0.7
BUN 5.5 ± 1.4 5.7 ± 1.4

BUN, blood urea nitrogen.
aIonized.
bMeasured enzymatically; whole blood value multiplied by 1.11 to cor-
rect for differences in plasma and whole blood water concentrations
(29).

tions for whole blood and plasma osmolality and osmo-
larity. A compelling interpretation of the magnitude of the
10 mmol/kg difference between whole blood and plasma
osmolality is that only 27% of the distributions overlap
(73% uniqueness) (38). In contrast, 90% overlap exists for
plasma and whole blood osmolarity (10% uniqueness).
The osmol gap, calculated as measured osmolality minus
calculated osmolarity, was 16 ± 6 mmol for whole blood
and 7 ± 5 mmol for plasma.

Table 2 provides the results of the post hoc study investi-
gation. The difference in whole blood osmolality between
osmometers was 13 ± 4 mmol/kg (P < 0.01), while the
difference in plasma osmolality between osmometers was
4 ± 2 mmol/kg (P < 0.01). The difference between whole
blood and plasma osmolality was 12 ± 4 mmol/kg using
the 20 μl micro-osmometer (P < 0.01) and 3 ± 2 mmol/kg
for the 250 μl osmometer (P < 0.01).

DISCUSSION

The primary purpose of this study was to compare
whole blood and plasma on indices of measured osmolal-
ity and calculated osmolarity. In addition, we also investi-
gated the potential impact of sample volume on measured
osmolality in a post hoc study comparison. Our primary
conclusion is that measured whole blood and plasma os-
molality are significantly and meaningfully different when
a 20 μl sample volume is used.

The molar concentration of individual substances was
the same in whole blood and plasma (Table 1), consis-
tent with the principle of osmotic constancy inside and
outside living cells (25–27). The calculated osmolarity for
plasma and whole blood, though significantly different
due to the large sample size and paired design, also agreed
within 1 mmol/l (Fig. 1B) and shared 90% distribution
overlap (Fig. 2B). It is well known that the conversion of
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Fig. 1. Relationship between whole blood (x-axis) and plasma (y-axis)
osmolality (A) and osmolarity (B). The solid line represents the line of
identity where y = x. The correlation coefficient was 0.75 for both panels
(A) and (B). P, plasma; WB, whole blood. Values in the figure corners
are the mean ± standard deviation for the x- and y-axis data.

molarity to molality using summed quantities is compli-
cated and imperfect, even when accounting for differences
in the mass concentration of water (15, 19, 31). However,
the mean osmol gap for plasma (7 mmol) was generally ac-
ceptable (<10 mmol) while the osmol gap for whole blood
(16 mmol) was not (10). Barr et al. (34) employed the same
formula (20) when calculating plasma and whole blood
osmol gaps and found nearly identical results for plasma
(8 mmol) and whole blood (18 mmol) as in this study. The
generally accepted molal concentration equivalency of all
dissolved substances in whole blood and plasma, when
measured using osmometry (21, 22, 24, 32), was neither
observed by Barr et al. (34) nor herein. Whole blood os-
molality was consistently (168/168 observations), signif-
icantly (10 mmol/kg; P < 0.05), and meaningfully (only
27% distribution overlap) higher than plasma (Fig. 1A
and Fig. 2A) and the whole blood osmol gap was unac-
ceptably large (16 mmol).

At the completion of our primary study, we purchased
a larger sample volume osmometer to follow-up the pos-

Fig. 2. Gaussian frequency distributions for whole blood and plasma
osmolality (A) and osmolarity (B). The shaded regions of the figure
insets display shared overlap calculated according to reference (38).

TABLE 2. Effect of Sample Volume on Whole Blood and Plasma
Osmolality Measurements (mmol/kg)

20 μl Sample volume 250 μl Sample volume

Volunteer no. Whole blood Plasma Whole blood Plasma

1 304 290 288 287
2 301 296 293 290
3 296 287 286 284
4 310 293 292 290
5 299 289 285 284
6 303 289 291 288
7 306 293 290 289
8 297 284 287 281
9 307 290 290 287
10 301 294 290 287
Mean ± SD 302 ± 5 291 ± 4 289 ± 3 287 ± 3

All means were statistically different from each other (P < 0.01), but
differences ≤4 mmol/kg were considered marginal (40).

sibility that a very small sample volume might explain our
results. Table 2 provides strong additional support for our
primary findings and also a definitive explanation. The
difference between whole blood and plasma osmolality
using a 20 μl sample volume in our group of 10 volun-
teers (12 ± 4 mmol/kg) was similar to our much larger
group of 62 (10 ± 3 mmol/kg). However, the difference
using a 250 μl sample volume, though significant, was

J. Clin. Lab. Anal.



372 Cheuvront et al.

as small (3 ± 2 mmol/kg) as the day-to-day variation in
plasma osmolality (40) and smaller than plasma osmo-
lality fluctuations associated with perturbed osmoregula-
tion (40–42). The commonality of our results with those
of Barr et al. (34) are in direct contrast to only one other
study that used a 20 μl sample volume (24), the rest com-
prising either vapor pressure osmometry (21) or sample
volumes between 100 and 200 μl (22,32). The correlation
coefficients calculated herein between whole blood and
plasma osmolality were large (r = 0.75) and significant
(P < 0.05), but comparatively smaller than those reported
by Koumantakis and Weyland (24) (r = 0.91). The most
likely explanation (33) lies in the smaller 27 mmol/kg
range of plasma osmolality values in this study compared
to the 70 mmol/kg range reported by Koumantakis and
Weyland (24). Although larger plasma osmolality sample
ranges have greater clinical relevance, our smaller range
was still in excess of the typical reference interval for
plasma osmolality (39). Other factors available for com-
parison (e.g., supplies or standard operating procedures)
reveal no obvious explanation(s) for conflicting outcomes.

The more heterogeneous character of whole blood (vs.
plasma) has long been suspected to be problematic where
osmometry is concerned (32) and might be particularly
challenging in situations where the sample volume is nec-
essarily small (21, 24). In the present study, a clear differ-
ence was observed between measures of whole blood and
plasma osmolality, but not osmolarity (Fig. 1A and B, and
Fig. 2A and B), which we interpret as a genuine physical
interference of whole blood during osmolality measure-
ment using a 20 μl sample volume. Although Rocks et al.
(32) clearly demonstrated that red blood cells themselves
failed to impact measures of plasma osmolality (0–75%
packed cells), this was demonstrated using 100 μl sample
volumes. The large differences observed between whole
blood and plasma osmolality using 20 μl, but not 250 μl
samples, in this study support a volume-dependent phys-
ical phenomenon.

CONCLUSION

In conclusion, this investigation provides strong evi-
dence that whole blood and plasma osmolality are not
interchangeable quantities when small (20 μl) sample
volumes are compared using freezing point depression
osmometry. Whole blood osmolality was consistently,
significantly, and meaningfully higher than plasma os-
molality and the osmol gap was unacceptably large. The
magnitude of difference between whole blood and plasma
osmolality observed in this study was reduced to marginal
levels when using a larger (250 μl) sample volume. A phys-
ical interference of whole blood during osmolality mea-
surement is suspected when a 20 μl sample volume is used.
These findings have important implications for clinical

laboratory testing when knowledge of blood osmolality is
desired.
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