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Abstract. Dried blood spots are increasingly being used in drug development. This commentary considers
the pharmacokinetic issues that arise and compares these with those attached to plasma, the mainstay
matrix. A common implicit use of these matrices is as a surrogate for plasma water, and to this extent, the
critical assumption made is constancy in fraction unbound for plasma and, additionally for blood,
constancy of hematocrit and blood cell affinity of compound. Often, these assumptions are reasonable
and either matrix suffices, but not always. Then the value of one over the other matrix depends on the
magnitude of the blood-to-plasma concentration ratio of drug, its clearance, and the cause of the
deviation from constancy. Additional considerations are the kinetics of distribution within blood and
those arising when the objective is assessment or comparison of bioavailability. Most of these issues can
be explored and addressed in vitro prior to the main drug development program.
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Plasma has been the mainstay matrix for measurement
of systemic concentration of compounds used in the assess-
ment and evaluation of pharmacokinetics (PK) and pharma-
codynamics (PD), both efficacy and safety, in drug discovery
and development. An alternative, dried blood spots (DBS),
has recently gained increasing popularity, with some distinct
practical advantages but also technical issues (1–5), although
the method was employed in pediatrics as early as 1963 (6).
Solutions to many of these analytical and methodological
issues have been addressed (7–14). However, there does not
appear to have been any associated commentary on the PK
and related issues that DBS raise. This communication is
intended to help those thinking of using DBS as an approach
to measure systemic drug concentration. Most of the com-
ments equally apply to metabolites.

The issues raised by DBS are, in principle, the same as
those raised by the use of whole blood in that estimates of
concentration from DBS should be the same as those in the
original blood samples from which they are prepared.
Historically, the main arguments in favor of plasma over blood
have been the greater ease of storage and chemical analysis
and the homogeneity of plasma compared to clotted blood.
With respect to pharmacokinetics, the main argument in favor
of whole blood has principally been based on physiological
considerations. Namely, unlike plasma clearance, there is an

upper bound to organ blood clearance; it is organ blood flow
(with the extraction ratio approaching the upper limit of 1).
Organ blood clearance then becomes perfusion rate-limited
and more sensitive to changes in blood flow than to other
processes, such as enzymatic activity and plasma protein
binding (15). Also, in the situation that blood clearance
exceeds hepatic blood flow, it provides a clue as to the
significant involvement of additional organs or tissues in the
elimination of a compound. In addition, knowing the hepatic
extraction ratio (given by the ratio of hepatic blood clearance
to hepatic blood flow) allows an estimate of the maximum oral
bioavailability of a compound to be made (16). However,
because plasma rather than blood is commonly measured, to
make the above conclusions, it becomes necessary to convert
plasma clearance to blood clearance using the blood-to-plasma
concentration ratio. In recent years, it has become recognized
that the blood-to-plasma ratio, coupled with plasma protein
binding, also helps in the prediction of tissue distribution of
moderately strong bases (17).

Essentially all events occurring within the body, whether
related to PK or PD, are driven by unbound concentration.
Hence, it may be argued that we should be directly measuring
unbound rather than total concentration. However, there are
many technical issues surrounding the determination of
unbound concentration that have severely limited this mea-
surement in practice. Microdialysis offers a potential way
forward, although this technique has its own technical issues
that are likely to limit its wide or routine use. So, total
measurement is here to stay, at least for the foreseeable
future. The fundamental question is: Under what circum-
stances is total drug measurement in whole blood (read DBS)
or plasma an adequate surrogate for unbound compound?
The corollary question is: When blood or plasma ceases to be

1 Centre for Applied Pharmacokinetic Research, School of Pharmacy &
Pharmaceutical Sciences, Stopford Building, University of Manchester,
Manchester, M13 9PT, UK.

2Global Drug Disposition, Research & Development Sanofi-Aventis,
1041 Route 202-206, Bridgewater, New Jersey 08807-0800, USA.

3 To whom correspondence should be addressed. (e-mail: MRow
190539@aol.com)

The AAPS Journal, Vol. 12, No. 3, September 2010 (# 2010)
DOI: 10.1208/s12248-010-9188-y

1550-7416/10/0300-0290/0 # 2010 American Association of Pharmaceutical Scientists 290



an appropriate surrogate, what steps need to be taken to
make the necessary correction?

To explore these issues, it is helpful to understand the
relationships between unbound, total plasma, and total whole
blood concentrations, displayed diagrammatically in Fig. 1.
Here, it is seen that binding can be to constituents in both
plasma and on or in blood cells, while the blood cell membrane
can act as a barrier either slowing or totally impedingmovement
of compound into blood cells. At equilibrium, assuming no
degradation in blood, the relationships are:

C ¼ Cu

fu
ð1Þ

Cb ¼ 1�H
fu

þH � �

� �
Cu ð2Þ

where Cu, C, and Cb are the unbound, total plasma, and total
blood concentration, respectively, fu is the fraction unbound
in plasma, H is the hematocrit, and ρ is the blood cell-to-
unbound plasma concentration ratio, a measure of the affinity
that the blood cells have for the compound. In pharmacoki-
netics, the ratio Cu/Cb is commonly denoted by fub, although
clearly it is not the fraction of unbound drug in blood as no
assumption is made in Eq. 2 as to whether drug enters blood
cells to distribute into the intracellular aqueous space. From
these relationships, it is seen that plasma concentration is
proportional to unbound concentration when fu is constant
and for blood concentration to be proportional to unbound
concentration, in addition to fu, H and ρ need to be constant.
When, as often is the case, these conditions hold reasonably
well, then either plasma or blood concentration can equally
be used to reflect unbound concentration. The problem arises
when one or more of these conditions are not met.

Consider first plasma. Some drugs, such as caffeine and
aminoglycoside antibiotics, do not bind to plasma proteins
(fu=1); for such drugs, C=Cu, and arguably, plasma is the
matrix to measure (although as argued subsequently, blood is
as useful as plasma for these drugs). However, the majority of
drugs do bind to plasma proteins. Then possible changes in fu
need to be kept in mind. The value of fu can increase due to
saturation of the available binding sites (when the molar
concentration of the compound, or a displacer, in plasma
approaches the molar concentration of the binding sites). It

may also vary appreciably with age, disease, such as renal and
hepatic disease, and in a variety of other conditions, such as
pregnancy and excessive burns (18). Under these circum-
stances, to provide the correct interpretation of the under-
lying events one should measure either unbound drug
concentration directly or determine fu (or a ratio of fu values,
control and altered condition). In addition, binding often
differs between animal species and man, and here again,
when undertaking safety assessment based on relative
unbound exposure across species, correction for such differ-
ences in binding should be made.

Now consider bloodwhere the additional parametersH and
ρ are potential issues. Normally, hematocrit is relatively constant
and not of concern, although it is lower in some conditions such
as anemia, where the hematocrit can fall from its usual value of
0.45 to as low as 0.2, which needs to be taken into account in the
interpretation of blood measurements. Some compounds, par-
ticularly hydrophilic ones, such as many antibiotics, are too polar
and large to enter blood cells, and for these compounds, blood
cells act simply to dilute plasma, with Cb given by

Cb ¼ 1�H
fu

� �
Cu ð3Þ

from which it is seen that the situation is essentially the same as
for plasma. Frequently, such compounds, e.g., aminoglycosides,
also do not bind to plasma proteins (fu=1), or do so poorly, so
that Cb approximates to (1 − H)⋅Cu, in which case blood
provides a reasonable measure of unbound drug. Some other
drugs, such as caffeine and ethanol, freely enter blood cells but
do not bind to cell constituents or plasma proteins. For these
drugs, Cb is approximately equal to Cu, and again, there is no
danger of misinterpreting blood values. However, these are
exceptions. Most drugs not only enter blood cells but also bind
there such that ρ can be a critical issue.

The major blood cells of interest are erythrocytes; drugs
may also have a high affinity for white cells and platelets, but
the fractional volumes of these are so low as in general not to
materially affect the global value of ρ. Drugs vary in their
affinity to constituents on or in erythrocytes. Acidic drugs
tend to have little affinity for erythrocytes, whereas moder-
ately strong bases (pKa > 7), predominantly ionized at
physiological pH, bind reasonably avidly to acidic phospho-
lipids there through ion pairing (19). Apart from hemoglobin,
one of the most abundant proteins in erythrocytes is carbonic
anhydrase to which some sulfonamide-based inhibitors, such
as acetozolamide and chlorthalidone, avidly bind. Cyclo-
sporine and tacrolimus have a very high affinity for intra-
cellular cyclophillin. In these examples, cellular binding is
much greater than plasma protein binding (ρ >> 1/fu), so that
Eq. 2 reduces to

Cb ¼ H � �� Cu: ð4Þ

Now blood concentration is directly proportional to
unbound concentration and insensitive to changes in plasma
protein binding, and to this extent, blood is potentially a
superior matrix to plasma. However, blood concentration is
sensitive to ρ, which can and does change, for example, due to
saturation of binding over the range of therapeutic concen-
trations, at least for cyclosporine (20). Under these circum-
stances, caution should be exercised when interpreting blood

Fig. 1. Schematic of events occurring within blood. The extent and
kinetics of distribution into cells depends upon the permeability of
the cell membrane and the affinity of compound for constituents
within plasma and blood cell
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data. These drugs also exhibit high blood-to-plasma concen-
tration ratios. This is evident by dividing Eq. 2 by Eq. 1, yielding

Cb

C
¼ 1�Hð Þ þH � �� fu ð5Þ

and setting ρ >> 1/fu. For example, for tacrolimus, Cb/C=10–20,
and fu=0.07 (21,22) from which it is seen that when H=0.45,
ρ=300–617. One issue with attempting to use plasma as the
analytical matrix for PK and PD studies with such drugs is that
any hemolysis introduces significant errors in the measurement.
Continuing with tacrolimus, calculation shows that if a tolerance
of 10% is the allowed limit in the increase in plasma concen-
tration due to hemolysis, then this is met when only 0.5%
hemolysis occurs. This is one of the reasons why blood, rather
than plasma, has been used during drug development, for
example, of tacrolimus and cyclosporine and in their subsequent
therapeutic drug monitoring (23,24). Another reason for using
blood is that erythrocyte binding of such compounds is temper-
ature-dependent (18) so that if one wished to obtain an estimate
of the plasma concentration that existed in vivo at the time of
collection, the blood sample would need to be kept at 37°C
during the separation of plasma, which creates technical
problems in routine clinical practice.

The blood-to-plasma concentration ratio offers a useful
diagnostic as to whether plasma protein binding or blood cell
affinity is likely to be the more important when considering
DBS. Thus, examination of Eq. 5 shows that the latter
predominates when Cb/C > 1.5, since then, for normal
hematocrit (0.45), fu × ρ > 2, or ρ > 2/fu, from which, on
substitution into Eq. 2, it is seen that H × ρ is the more
influential term in the relationship between Cb and Cu (fub).
In this example, it implies that fu can vary twice as much as ρ
to have the same impact on Cb for a given Cu. Generally, fu
varies by not more than a factor of 3, and often less, for drugs
bound to albumin, but it can vary more for those bound
predominantly to α1-acid glycoprotein (18). Unfortunately, at
present, virtually nothing is known about the magnitude of
inter- and intra-subject variability in ρ for drugs. Factors to
consider are disease, age, genetics, co-medication, and
gender, in addition to drug concentration and temperature.
Some drugs may be substrates or inhibitors of one of the
many transporters that reside in the erythrocytic membrane.
Clearly, given that fub approximates to 1/(H × ρ) when Cb/C >
2, it is important to define and understand sources of
variability in ρ for such compounds when applying DBS in
drug development. One may be tempted in preliminary
investigations to use the blood-to-plasma ratio as the measure
of variability in ρ. However, for such compounds, the ratio
approximates to H × fu × ρ, which tends to inflate the estimate
of variability in ρ but could also disguise it, if for any reason fu
and ρ vary inversely.

An additional consideration arises from the fact that
often times, with the availability of highly sensitive assays,
which allow for the need of only minute sample volumes,
blood is collected from heel or finger pricks. However, such
samples are initially contaminated with interstitial fluid that
not only dilutes blood but also may have concentrations of
compound that differ from that in plasma. This problem is
overcome by discarding the initial fluid collected. Even so,
capillary blood tends to reflect more arterial blood perfusing the

lancing site than venous blood draining it, particularly when the
heel or finger is immersed in warm water to stimulate blood
flow. Furthermore, these sites are at locations different than
those of the usual sites of venous sampling, with the potential for
differences in drug concentration, given that the concentration
in venous blood reflects events occurring on passage of blood
through the associated tissue bed. Such differences are expected
to occur particularly in the early moments following drug
administration, before distribution equilibrium has been
achieved. Even so, such differences are likely to be generally
small and certainly should be essentially nonexistent once
distribution equilibrium of drug has occurred.

As mentioned previously, distribution of drug between
plasma and blood cells takes time. Usually, this occurs very
rapidly and is of little practical concern, but occasionally it
may be so. The higher the blood cell affinity and plasma
protein binding and the lower cell membrane permeability,
the longer it takes for equilibrium to be achieved. Certainly, it
takes several minutes for distribution equilibrium to occur for
cyclosporine and related compounds (25), whereas it takes
much longer for chlorthalidone, with the blood cell concen-
tration peaking several hours after plasma following drug
administration (26). Accordingly, when whole blood is the
measurement matrix, such temporal delays may have an
impact on the interpretation of PK and PD for the common
situation in which response is better related to unbound drug
in plasma than drug in blood cells. Much depends on which
process, PK or PD, is the rate-limiting step over the period of
interest. In the special case of carbonic anhydrase inhibitors,
such as chlorthalidone, where the erythrocyte is one of the
primary target sites, PD is expected to correlate better with
blood than plasma measurements, especially during the
period that distribution equilibrium between these sites has
yet to be achieved.

Choice of matrix can influence the accuracy of estimation
of bioavailability. Commonly, the estimate is taken to be the
ratio of AUCs following extravascular and iv administrations
(or after two extravascular administrations when the interest
is in relative bioavailability), normalizing for any differences
in dose. An implicit assumption in this method is constancy of
clearance. When blood cell binding is saturated following
either or both routes of administration, blood clearance may
no longer be constant; much depends on the rate-limiting step
in clearance. When blood clearance is high and perfusion
rate-limited, saturation has little to no impact on clearance,
and the ratio of blood AUCs provides an accurate measure of
bioavailability. However, when clearance is low, plasma
clearance is proportional to fu and blood clearance to fub,
which is seen from Eq. 2 to depend on ρ. Accordingly, as ρ
varies with concentration under saturating conditions, so will
blood clearance. Under these circumstances, the ratio of
blood AUCs no longer provides an accurate estimate of
bioavailability. Whether plasma provides a more accurate
estimate depends on whether or not plasma protein binding is
also saturated. With cyclosporine, ρ but not fu exhibits
concentration-dependent binding, and in this case, plasma is
the better choice of matrix for assessment (27). How much
error in estimation is incurred by using blood depends on the
characteristic of the drug, which can be explored through
simulation and set against the practicalities involved. A
qualifier is needed here. One method of overcoming the
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problem of nonlinearity is to make the concentration–time
profiles between treatments be as close to each other as
possible, as then the nonlinearity in blood cell binding applies
to both treatments equally at all times, and the AUC ratio
method now applies. In practice, this is not easy to achieve as
it implies prior knowledge of both the shape of the profile and
bioavailability, so that the input profile of say an iv admin-
istration is appropriate, although the use of an iv radiolabeled
tracer, which mixes with but does not disturb the pool, would
suffice. A related issue is bioequivalence assessment. In such
cases, as the test is for similarity of profiles, blood is arguably
as suitable as plasma (27).

CONCLUSION

The preceding analysis should be put into perspective.
For drugs showing little variability in fu and ρ under conditions
of study, there is little concern in the use of DBS as an
alternative to plasma. However, caution should be exercised
when variability in either fu or ρ is large. Then it is important to
identify, quantify, and, where possible, correct for, or accom-
modate, the variability, especially when interpreting PK data or
linking PK to PD. For drugs with a blood-to-plasma ratio
approaching the lower limit of 0.55, indicating minimal blood
cell uptake, general concern is with variability in fu (about which
much is known) when using DBS measurement as a surrogate
for unbound drug in plasma. For drugs with larger values of the
blood-to-plasma ratio, especially >2, variability in blood cell
affinity becomes the critical factor. Fortunately, the magnitude
and determinants of much of the variability can be evaluated
in vitro using blood obtained from the study population of
interest, which should be undertaken prior to implementing the
use of DBS in a drug development program. So too should the
study of the influence of drug concentration, temperature, and
kinetics of blood cell distribution.
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