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Ceftriaxone PharmacokRinetics during latrogenic
Hydroxyethyl Starch-induced Hypoalbuminemia

A Model to Explore the Effects of Decreased Protein Binding

Capacity on Highly Bound Drugs

Olivier Mimoz, M.D., Ph.D.,* Stéphan Soreda, Pharm.D.,T Christophe Padoin, Pharm.D., T
Michel Tod, Pharm.D., Ph.D.,t Olivier Petitiean, Pharm.D.,§ Dan Benhamou, M.D.||

Background: Although various drugs used by anesthesiolo-
gists highly bind to plasma proteins, the impact of iatrogeni-
cally induced hypoproteinemia on their pharmacologic effects
has never been investigated. The authors determined the phar-
macokinetics of ceftriaxone, a cephalosporin that binds
strongly to albumin in postsurgical patients with hydroxyethyl
starch-induced hypoalbuminemia.

Methods: Eleven hypoalbuminemic (serum albumin < 25 g/I)
patients and age (* 5 yr)-, sex-, and body surface area
(% 10%)—matched healthy volunteers received a 2-g ceftriaxone
dose infused over a 15-min period. Fourteen venous blood sam-
ples were collected during the 24-h study period. Free ceftriax-
one concentrations were determined by ultrafiltration. Antibi-
otic concentrations in plasma and ultrafiltrate were measured
by ion-paired reversed-phase chromatography. The pharmaco-
kinetic parameters derived from total and free antibiotic con-
centrations were determined using a noncompartmental
method. Data are expressed as median and range.

Results: The pharmacokinetic parameters derived from total
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ceftriaxone concentrations were similar for the two groupsy
except for the median corrected volume of distribution a§

steady state, which was increased (P = 0.05) to 0.18 I/kg (range3
0.11-0.29 I/kg) in patients, compared with 0.15 1I/kg (rangegf
0.13—-0.22 1/kg) in volunteers. The area under the free ceftriaxé
one concentration-time curve was twice as high in patients a§
in volunteers (median 192, range 114-301 vs. median 1223
range 84-169 h - mg™' - 1”'; P = 0.03). Moreover, the freér
ceftriaxone concentration remained more than 4 mg/1 during
more time in patients (median, 16.7; range, 12.6-21.4 vs. més
dian, 11.1; range, 6.0-19.0 h; P = 0.03).

Conclusions: Compared with healthy volunteers, patlentg
with iatrogenic hypoalbuminemia have higher free ceftrlaxon@
concentrations during the 24 h after antibiotic admmlstratlons:‘g
This modification increases drug distribution into extravasculaf;
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space and may enhance effectiveness. (Key words: Drug effecg
0 . @
tiveness; hypovolemia; volume expander.) 2
g

o

o

S

VARIOUS drugs used by anesthesiologists are highly
bound to plasma proteins. For example, more than 90‘%
of alfentanil, sufentanil, midazolam, or bupivacaine i@
the bloodstream is rendered inactive through binding t@
circulating plasma proteins in healthy subjects.'™> Albu§
min is the leading plasma protein responsible for b1nd1n§
of acidic drugs, whereas «,-acid glycoprotein blndg
mainly basic drugs.®> During the perioperative per1odg:,
various situations may lead to iatrogenic hypoproteine%
mia, such as the infusion of high volumes of aystalloi%
or hydroxyethyl starch solutions. Administration o§
highly bound drugs in these situations may alter dru§
disposition and effectiveness. Although a number of
pharmacokinetic studies have been conducted on hy-
poalbuminemic patients, mainly with cirrhosis, no study
has evaluated the impact of the diluting effect of solu-
tions infused as plasma substitutes on the pharmacologic
effects of highly protein-bound drugs administered dur-
ing the perioperative period. Moreover, because the
concentration of binding proteins in extravascular fluids
is approximately one third that in plasma,* hypoalbumin-
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emia may result in saturation of binding of highly bound
drugs both in plasma and in extracellular fluids and,
finally, in modifications of the pharmacologic effects of
these drugs.*

Ceftriaxone is a B-lactam with concentration-depen-
dent albumin binding’: its free fraction ranges from 4%
to 17% when its concentration varies from 0.5 to 300
mg/l. Hypoalbuminemia is thus expected to result in a
higher free fraction of ceftriaxone, with possible conse-
quences on its clearance and distribution. Moreover,
ceftriaxone protein binding is known to be partly restric-
tive, i.e., this binding may hinder or prevent drug dis-
tribution or elimination, so that its bactericidal effect is
mostly attributed to the unbound concentration rather
than the total concentration. Hence, a modification of
free concentration kinetics could have an impact on
drug effectiveness.

The current study was therefore designed to deter-
mine the pharmacokinetics and pharmacodynamics of
ceftriaxone after administration to previously healthy
postsurgical patients with iatrogenic hydroxyethyl
starch-induced hypoalbuminemia. Ceftriaxone was used
as a model to explore the effects of decreased protein
binding capacity on highly bound drugs.

Patients and Methods

The study was conducted in the surgical intensive care
unit of Bicétre Hospital, a 1,000-bed teaching hospital in
France. Approval was obtained from the Ethical Commit-
tee of Ambroise Paré Hospital, Boulogne Billancourt, and
informed consent was obtained from each subject or the
subject’s closest relative.

Participants

Postsurgical patients between 18 and 60 yr of age were
enrolled when they were hemodynamically stable, were
within 20% of their ideal body weight, had severe hy-
poalbuminemia (serum albumin level < 25 g/1, normal
value = 40 g/D), and had received at least 1,000 ml
hydroxyethyl starch (Elohes 6%; Fresenius France
Pharma, Sevres, France) during the 24 h preceding in-
clusion. Patients were not included when they had
known hypersensitivity to B-lactam antibiotics, renal fail-
ure with estimated creatinine clearance less than 60
ml/min, hepatic failure with prothrombin time less than
70% or bilirubin level more than 2 times normal, leuko-
penia with granulocyte count less than 0.5 X 10°/1, or
were receiving vasopressors or drugs able to interfere
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with ceftriaxone binding to albumin (e.g., warfarin, sul-
famethoxazole, salicylate, ibuprofen, furosemide). Pa-
tients with preexisting severe disease and women of
childbearing age with a positive urine pregnancy test
were also excluded.

For each patient, body surface area was determined
using a standard formula based on height and weight.”
Creatinine concentration in plasma was measured before
starting antibiotic infusion to determine creatinine cleeuéJ
ance according to the Cockcroft and Gault formula withg
out adjustment for ideal body weight.® Serum total pro‘;':“
teins, albumin, and immunoglobulin G IgG) level§
(normal values, 68-80, 35-50, and 6-12 g/l, respecE
tively) were determined at the beginning of the pharmag
cokinetic study. Serum albumin was measured again ap
the end of the protocol to rule out significant variatiori
during the 24-h study. :

Healthy volunteers matched to patients according t@
age (= 5 yr), sex, and body surface area (= 10%) weré
also enrolled. None of the volunteers had any remarks
able history of organ dysfunction, and none took an§
medication during at least the month preceding studfg
entry. The subjects were nonsmokers, and alcohol cong
sumption was prohibited for at least 24 h before thé
study period. The subjects fasted for at least 8 h beforé
and for the first 4 h after the start of their antibioti@:
infusion. After dosing, 300 ml of water was drunk at 4-18
intervals. £
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Drug Formulation, Sampling, and Assay
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(Produits Roche, Neuilly-sur-Seine, France) as a dry pows
der. Each vial contained 2 g of ceftriaxone and wa§
reconstituted with 30 ml of sterile water just befor&
administration, according to the manufacturer’s recom%
mendations. Two grams of ceftriaxone was infused ins
travenously over a 15-min period with a perfusion pump%
Venous blood samples were drawn from the arm cong
tralateral to the antibiotic infusion before drug adminisg
tration and 0.25, 0.33, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, 203
and 24 h after the start of the antibiotic infusion and
were collected in heparin-coated tubes. After mixing,
samples were centrifuged for 10 min at approximately
1,000g and 4°C to separate the plasma, which was stored
at —70°C pending ceftriaxone assay. Measurements of
total and free antibiotic levels were recorded within 15
days after sampling.

Free ceftriaxone concentrations were determined by
ultrafiltration using the Microsep 3 K Micropartition Sys-
tem (Filtron Technology Corporation, PolyLabo, Stras-
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bourg, France). After warming, plasma samples (500 wl)
were equilibrated for 1 h at 37°C and then centrifuged at
1,500g¢ for 1 h at 37°C. The free concentration was
determined from the ultrafiltrate. Although preliminary
experiments indicated that nonspecific binding of ceftri-
axone to the filter membrane was low (< 4%), adjust-
ments were made to take this adsorption into account
for the estimation of the free fraction.

The ceftriaxone concentrations in plasma and ultrafil-
trate were determined using a validated, ion-paired, re-
versed-phase chromatography assay described else-
where.® The calibration was linear, in the range of
2.5-500 mg/1 in plasma and in the range of 0.5-50 mg/1
in the ultrafiltrate. The quantification limit of the assay
was 2.5 mg/l in plasma and 0.5 mg/] in the ultrafiltrate.
The overall interassay coefficient of variation was less
than 10%, and the overall intraassay coefficient of varia-
tion was less than 6% over the entire calibration range.

Pbarmacokinetic-Pharmacodynamic Analyses

Total (bound and unbound) and free (unbound) ceftri-
axone concentration-versus-time data were fitted indi-
vidually by noncompartmental analysis using the Siphar
software version 4.0 (Simed, Créteil, France). The max-
imum ceftriaxone concentration was obtained from di-
rect observation of the plasma concentration-versus-
time curves. The minimum ceftriaxone concentration
was defined as the lowest observed plasma concentra-
tion and was reached 24 h after the infusion started. The
area under the plasma ceftriaxone concentration-versus-
time curve (AUC) was calculated from the time of ceftri-
axone administration to the last measurable plasma con-
centration using log-linear interpolation. Extrapolation
of the AUC from the time of the last measurable ceftri-
axone concentration to infinity was calculated by divid-
ing the last plasma concentration by the first-order rate
constant of the terminal phase of the profile. The first-
order rate constant was determined by linear regression
of the terminal phase of the log-transformed plasma
ceftriaxone concentration data after visually identifying
the terminal portion. The sum of these two components
was the estimated total AUC (AUC,.). The terminal
elimination halflife of ceftriaxone was calculated from
the first-order rate constant of the terminal phase of the
plasma concentration-versus-time profile. The total body
clearance for total ceftriaxone was defined as the ratio of
the ceftriaxone dose to AUC,.. The free fraction of
ceftriaxone was defined as the ratio of the adjusted free
to the total antibiotic concentrations. The area-weighted
average free fraction of ceftriaxone in plasma (f,) was
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calculated as the ratio of free ceftriaxone AUC,_, to total
ceftriaxone AUC,...'"° The volume of distribution at
steady state for unbound ceftriaxone (Vd,,) was calcu-
lated according to the noncompartmental method, based
on AUMC (area under the first moment of the plasma
concentration-versus-time curve from 0 to infinity, cal-
culated using the log-linear trapezoidal rule) and the
AUC,.... The corrected volume of distribution of total
ceftriaxone at steady state (Vdy,) was calculated as

vd,, =f, X Vvd

ssu*

According to @ie et al.,* Vd
early related to 1/f;:

is expected to be li

ssu

Vdg, =V, X (1 4+ Rg) X 1/f, + (V. — V, X R,)

sSsu

ma/\us-zese//:d;ﬁ wouy pspeojumoq

ey

where V, and V. are the physiologic volumes of thé:
vascular and extravascular spaces, respectively, and R; §
the ratio of the total amount of interstitial to 1ntravascua:
lar albumin. Because Vd,, and f, are both subject t@
uncertainty, the parameters (slope and intercept) og
their relation could not be determined by ordinary re§
gression without bias and were determined by orthogo%
nal regression (7.e., the readuals were minimized alon%
two orthogonal dlI‘CCthﬂS)
The French breakpoint determining ceftriaxone effe
tiveness is 4 mg/l, i.e., strains with higher minimal inhibg
itory concentrations are not considered sensitive. For eaclg
patient, we calculated the time that free ceftnaxone core
centration in plasma remained more than 4 mg/1.'?

V/&L/S/

00600002-2Si

Ceftriaxone Binding to Hydroxyethyl Starch

The potential binding of ceftriaxone to hydroxyethy§
starch was assessed by exposing the antibiotic to diff61§
ent hydroxyethyl starch concentrations. To obtain con%
ditions comparable to those observed in our patientss
pooled human plasma was diluted 50% with phosphate:i
buffered saline to obtain a final albumin concentration o§
20-25 g/I; hydroxyethyl starch solutions were added t§
obtain final concentrations of 0, 6, and 12 mg/l, and th%
pH was adjusted to 7.4 before adding ceftriaxone. Th&
free ceftriaxone fraction was then determined in tripli-
cate in these preparations and in a commercial solution
of 6 mg/l hydroxyethyl starch (Elohes 6%) without
plasma.

Three ceftriaxone concentrations were tested (10, 50,
and 250 mg/l), corresponding to the range of concen-
trations usually observed in plasma after administration
of a 2-g ceftriaxone dose. Total and free ceftriaxone
levels were determined after equilibration of the antibi-
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otic in the solution tested for 30 min at 37°C. The
absence of hydroxyethyl starch in the ultrafiltrate was
verified using the iodine test.'?

Statistical Analyses

Results are reported as median values and range. Two-
way analysis of variance for repeated measures was used
to compare the patients’ serum albumin levels at the
beginning and the end of the study. The Mann-Whitney
U test was used to compare data between hypoalbumin-
emic patients and healthy volunteers, and the Kruskal-
Wallis H test was used to compare the free ceftriaxone
fractions in diluted plasma. Correlation between serum
albumin level and total ceftriaxone clearance or Vdg
were sought by linear regression. Statistical analyses
were performed using the Stat View software version 4.5
for PowerPC (Abacus Concepts, Berkley, CA). For two-
tailed tests, P = 0.05 was considered significant. Orthogo-
nal regression analyses were performed using Winbugs. 4

Results

Eleven patients (six men and five women) and 11
volunteers were studied. All completed the study with-
out any adverse effect. Patients and volunteers were
correctly matched except for their total protein and
albumin concentrations in serum, which were halved in
patients (median [range]: 41 [32-48] vs. 72 [66-82] g/l
and 20.0 [12.5-24.9] vs. 46.1 [40.9-52.0] g/l, respec-
tively; P < 0.001 for both parameters). Patients received
a median of 2,000 ml (range, 1,000-4,000 ml) of hy-
droxyethyl starch during the 24 h preceding study entry.
The median serum IgG level was 4.2 g/l (range, 3.1-6.8
g/D at study entry. Patients and volunteers received com-
parable amounts of fluids during the 24-h study (median
[range]: 2,000 [1,500-2,500] vs. 1,800 [1,600-2,100]
ml, respectively; P = 0.25). Finally, patients’ serum al-
bumin levels did not vary significantly during the study
period (median [range]: 20.0 [12.5-24.9] g/l at the be-
ginning vs. 21.0 [12.5-27.6] g/l at the end of the study;
P = 0.15).

The pharmacokinetic parameters derived from total
ceftriaxone concentrations are shown in table 1. Esti-
mates of Vd for pair no. 5 had to be excluded from the
comparison between patients and volunteers because
the extrapolated AUMC for volunteer no. 5 was greater
than 40% of the total area. For most pharmacokinetic
parameters, no difference was observed between the
two groups of subjects. However, the patients’ free
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Table 1. Median (Range) Kinetic Parameters Derived from
Total Concentrations of Ceftriaxone after a 15-min
Intravenous Infusion of 2 g into Hypoalbuminemic Patients
and Their Matched Healthy Volunteers

Parameter Patients Volunteers
Crnax (Mg/l) 247 (196-363) 246 (166-323)
Free fraction at C,, . (%) 46* 18
Coan (Mg/l) 8 (4-21) 10 (4-23)
Free fraction at C,,;, (%) 141 10

Vd,.t (Vkg)

Cl (ml/min)

tizp (h)

AUCq_, (h-mg™'-177)

0.18§ (0.11-0.29)
34.8 (22.8-53.7)
5.9 (4.5-12.9)

950 (621-1,460)

0.15 (0.13-0.22)

25.8 (19.0-59.3)
6.4 (4.8-8.0)

1337 (562-1,757

—

BieA|is zese//:dny wouy papeojumoq

* P =< 0.01 versus volunteers.

1 P = 0.05 versus volunteers.

I Pair No. 5 was excluded from the comparison (see text).
Cnax = highest observed concentration in plasma; C,,, = concentration i
plasma observed 24 h after the start of the antibiotic infusion; Vd.s = cor&-
rected volume of distribution at steady state for total ceftriaxone; Cl = tot
body clearance for total ceftriaxone; ty,,5 = elimination half-life; AUC,_..
area under plasma concentration-time curve from 0 to .

duiBo

/ABbJoISBYISBU

ceftriaxone fraction observed at maximum ceftriaxon
concentration and minimum ceftriaxone concentratiorz
and the patients’ median corrected Vd,, were signifig
cantly higher than those of volunteers. No correlatiorg
(P = 0.65) was observed between total ceftriaxone clear%
ance and serum albumin level. By contrast, a correlatiors
(r* = 0.25, P = 0.02) was found between Vd,, and serun%
albumin level, indicating that the Vd,, value was higheg
at low albumin concentration. Finally, the interindividua%
variability for all pharmacokinetic parameters were sims
ilar for the two groups of subjects.

The pharmacokinetic parameters derived from fre&
ceftriaxone concentrations are given in table 2. Hereg
too, estimates of Vd,, for pair no. 5 had to be excludeg
from the comparison between patients and volunteer§
for the same reasons. Compared with volunteers, pag
tients had higher maximum ceftriaxone concentration3
minimum ceftriaxone concentration, AUC,,_, and £, anc%
lower Vd, and total body clearance for free ceftriaxd
one. Moreover, terminal elimination half-life was als@i
lower in patients, but the difference did not reach sig-
nificance (P = 0.10).

Total and free ceftriaxone concentration-time curves
in plasma after intravenous infusion of 2 g ceftriaxone in
patients and volunteers are shown in figures 1 and 2,
respectively. Total antibiotic concentrations in plasma as
a function of time were higher in volunteers, whereas
free antibiotic levels were higher in patients throughout
the study period. The free ceftriaxone concentration

1R

06000

00

€T
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Table 2. Median (Range) Kinetic Parameters Derived from
Free Concentrations of Ceftriaxone after a 15-min
Intravenous Infusion of 2 g into Hypoalbuminemic Patients
and Their Matched Healthy Volunteers

Parameter Patients Volunteers
Crnax (Myg/l) 107* (74-187) 51 (31-88)
Coan (Mg/l) 1.51 (0.7-3.0) 0.8 (0.5-1.6)
f, (%) 18* (14-25) 10 (6-26)
Vdge F (I/kg) 1.11 (0.7-1.9) 1.5 (1.1-2.4)
Cl, (ml/min) 1751 (111-292) 272 (197-394)
t1,2,3 (h) 4.6 (3.5-6.2) 5.5(3.5-6.1)
AUC,_, (h - mg ) 1921 (114-301) 122 (84-169)
Time > 4 mg/I (h ) 16.71 (12.6-21.4) 11.1 (6.0-19.0)

* P =< 0.01 versus volunteers.
1 P = 0.05 versus volunteers.
I Pair No. 5 was excluded from the comparison (see text).

Cinax = highest observed concentration in plasma; C,,, = concentration in
plasma observed 24 h after the start of the antibiotic infusion; f, = area-
weight average free fraction of ceftriaxone in plasma; Vd.,, = corrected
volume of distribution at steady state for free ceftriaxone; Cl, = total body
clearance for free ceftriaxone; t;,,5 = elimination half-life; AUC,_., = area
under plasma concentration-time curve from 0 to «; Time > 4 mg/| = duration
of time during which ceftriaxone concentration in plasma remained more than
4 mg/l.

(table 2) remained more than 4 mg/1 longer (P = 0.03) in
patients.

The point estimates (SE) of the slope and intercept of
the Vdg, versus 1/f, relations were 9.2 (3.3) and 13.8
(36.0) for healthy volunteers * = 0.50, P = 0.02) and
8.9 (2.8) and 25.6 (16.2) for hypoalbuminemic patients
(> = 0.53, P = 0.0D), respectively (fig. 3). These values
are not significantly different, although the intercept
tended to be higher in patients.

The free ceftriaxone fractions in simulated hypoalbu-
minemic plasma did not differ significantly as a function
of the hydroxyethyl starch concentrations (table 3).
Moreover, the free ceftriaxone fraction added to the com-
mercial solution of hydroxyethyl starch at concentrations
of 10, 50, and 250 mg/l were 103% (range, 102-103%),
105% (range, 105-108%), and 99 (range, 98 -103%), respec-
tively; these three values were not significantly different
(P > 0.5). These results clearly indicate that ceftriaxone
does not bind to hydroxyethyl starch and that the presence
of hydroxyethyl starch in plasma does not modify its free
fraction.

Discussion

Pharmacokinetic studies are often conducted in
healthy volunteers or patients with stable organ dysfunc-
tion, e.g., renal impairment. However, during anesthesia
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and the postoperative period, pharmacokinetic parame-
ters may differ markedly from those of healthy subjects,
thereby resulting in altered drug distribution or clear-
ance, leading to larger-than-expected variations of
plasma concentrations. For example, variations of serum
albumin levels caused by vascular expansion with
plasma substitutes in response to hypovolemia may alter
drug disposition. Indeed, total drug concentrations 1n
plasma exist in two forms: that which is bound to plasm:i
proteins, the most important of which are albuming
o-acid glycoprotein, and, to a lesser extent, globulins%
and that which is unbound (or free).> Because only freé
drug is considered to be pharmacologically active, alte
ations of plasma protein binding may alter a patlent 8
response to pharmaceutical agents if protein binding 1§
restrictive for receptor binding.® Such changes appeare@,
to be greater with highly bound agents. Tradmonally8
most drug assays monitor total drug concentrations an(§
do not quantitate free drug. When binding modlﬁcatlon§
occur, total drug concentrations may mislead the chmg
cians’ evaluanon of the patlent s response g

//"du

]

ceftriaxone, a cephalosporin that normally binds highly
(> 90%) to albumin in patients with hydroxyethyl starchéE
induced hypoalbuminemia during the immediate postf
operative period. Hypoalbuminemic patients were Comc
pared with matched healthy volunteers to avoid posmbl@
analytical discrepancies between studies (espec1allg
when determining the free antibiotic concentration) an(@
variability caused by physical characteristics of the paolg
tients studied. Because the erythrocyte penetration og
ceftriaxone is insignificant,'”> drug measurements Wer§
assayed in plasma rather than whole blood. Free drug
concentration was estimated by ultrafiltration becauseg
compared with equilibrium dialysis, this method is rapi¢
and relatively simple.'® The major difficulty associate@
with ultrafiltration involves drug binding to the ultrafiB
ters. !¢ However, the use of new filters with low binding
affinity and the determination of the fraction of the drug
assayed bound to the filter has solved this problem.'” g

Although the binding of ceftriaxone to each specific
plasma protein has not been well characterized, its bind-
ing behavior to plasma proteins, in general, was carefully
evaluated.'® Close agreement among the binding param-
eters in pooled human plasma and serum albumin has
been reported, indicating that albumin is the major
ceftriaxone protein binding in normal human plasma.'®
Previous studies showed that ceftriaxone does not bind
avidly to a;-acid glycoprotein, the second leading bind-
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Fig. 1. Total antibiotic concentration—time curves in plasma after the administration of the 15-min intravenous infusion of 2
ceftriaxone in 11 hypoalbuminemic patients (left) and 11 matched healthy volunteers (right). The thick line indicates the media

values.

ing protein, at human concentrations in serum'® but can
bind to IgG at two binding sites.'® IgG can have an effect
on the free ceftriaxone concentration only when it
reaches very high levels (e.g., after intravenous immune
globulin therapy or in patients with hypergammaglobu-
linemia) or in cases of severe hypoalbuminemia.'® The
parallel decrease of both the albumin and IgG serum
concentrations indicated that the pattern of ceftriaxone
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protein binding was probably not modified by the hy:
poalbuminemia of our patients.

The model describing the pharmacokinetics of a drug
with saturable binding is far from simple, because cleas
ance and volume of distribution may both vary witl%
time.” In the case of ceftriaxone, the model is simplifie®
because ceftriaxone does not penetrate into Cells§
Hence, ceftriaxone distribution is restricted to plasmé

d-9)0!

®

100 + §
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Fig. 2. Free antibiotic concentration—time curves in plasma after the administration the 15-min intravenous infusion of 2 g
ceftriaxone in 11 hypoalbuminemic patients (left) and 11 matched healthy volunteers (right). The thick line indicates the median

values.
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Fig. 3. Relation between free ceftriaxone corrected volume of

distribution at steady state (Vd,,,) and inverse area-weighted

free fraction in plasma (1/f,). Continuous lines and squares =
hypoalbuminemic patients. Dashed lines and triangles =
healthy volunteers. The straight lines are the regression lines.
The curves delineate the 95% confidence interval of the regres-
sion lines.

water and interstitial fluid.'®?° Concerning ceftriaxone
clearance (which is eliminated by means of renal and
biliary mechanisms), total body clearance for free ceftri-
axone decreases at high concentration because the bili-
ary elimination of free ceftriaxone is saturable.?’ To
describe the distribution of drugs with saturable binding,
the relevant pharmacokinetic parameters have been
shown to be f,, which accounts for the influence of dose
and time on the free fraction in plasma, and the cor-
rected Vd,,, which variation reflects a shift in drug mass
between intravascular and extravascular space fluid.'°
Conversely, the Vd, carries no information about the
spaces in which free drug distributes, but relates the free

Table 3. Free Ceftriaxone Concentrations*f in Simulated
Hypoalbuminemic (20—25 g/1) Pooled Human Plasma
Containing Different Hydroxyethyl Starch Concentrations

Ceftriaxone Diluted, Hypoalbuminemic Plasma
Concentration
(mg/1) Alone + 6 mg/I HES + 12 mg/I HES
10 5 (5-5) 6 (5-6) 7 (6-7)
50 8 (7-8) 8 (8-8) 10 (9-10)
250 50 (50-53) 50 (48-50) 48 (46-50)

* Three concentrations of ceftriaxone were added to pooled human plasma,
diluted 50% in phosphate-buffered saline to simulate perioperative hypoalbu-
minemia, and incubated with hydroxyethyl starch (HES) concentrations close
to those observed in the surgical patients.

T Expressed as percentages (range).
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concentration at steady state to the total amount of drug
in the body.'°

The pharmacokinetic data derived from the total ceftri-
axone concentrations of our hypoalbuminemic patients
were similar to those observed for their matched healthy
volunteers and those previously reported when a 2-g
dose had been given over a 20- or 30-min period to
healthy patients or volunteers.??"** However, free ceftri-
axone concentrations were higher in patients throughgU
out the entire study period. Our results may be intelg:
preted as follows: The decreased albumin levek
secondary to the administration of hydroxyethyl starclg
solutions is responsible for a 70% increase of the ceftrg
axone f, in plasma, resulting in the saturation of it§
biliary elimination and a 36% decreased total body clears
ance for free ceftriaxone. Since the increase in f, i8
higher than the decrease in total body clearance for freé:-
ceftriaxone, total ceftriaxone clearance is increased if§
hypoalbuminemic patients. The 20% increased cor?z
rected Vd, in hypoalbuminemic patients indicates thag
compared with healthy volunteers, there is a shift og
ceftriaxone from plasma to extravascular space. Thé
correlation between ceftriaxone Vd, and serum albumis
level supports the idea that binding modifications ar%
involved. Part of this Vd, shift may be explained by th&
higher level of saturation of binding to extravascula§
albumin than to plasma albumin, owing to the thre@
times lower concentration of this protein in the intersté
tial fluid.>> Part of this shift may also be related t(sz
variations of the physiological volumes into which ceftri%
axone distributes (V. p Vo) and/or to the ratio or binding
sites between extravascular and intravascular compartg
ments (R.). The theoretical value of these quantities, i1§

V, X (A + R, was similar in both groups and ape
opposite direction. The point estimate of the intercepg

versus 1/f, line, which is equal to V., —=
emic patients, although the difference did not reach
Hence, the increased intercept, if any, would be related
ing drugs where given to hypoalbuminemic subjects.

healthy subjects, are V, = 31, V, = 121, and R,; = 1.3.°§
The slope of the Vd, versus 1/f, line, which is equal tGE
proaches the theoretical value of 7 1. Hence, either Vg»
and R, did not significantly vary or they varied in thé
of the Vd, g
(Vp, X Ry, was doubled in the group of hypoalbuming
significance because of the large SEs. Both values were
(not significantly) higher than the theoretical value of 8 1.
to an increased V. in hypoalbuminemic patients. Similar
findings were obtained when other high albumin bind-
Slight increased volume of distribution and clearance of
total concentration of midazolam were observed in crit-
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ically ill patients.26 Elevated plasma unbound fraction,
apparent volume of distribution, and total plasma clear-
ance of piroxicam were noted in animals rendered hy-
poalbuminemic by the administration of Ficol-70, an-
other plasma expander, to replace blood.?”

It has long been thought that only the free drug in
plasma was available for diffusion into tissues.' Although
this hypothesis has been confirmed in most cases, recent
studies have shown opposite consequences of plasma
binding in terms of drug transfer into tissues.® With
restrictive binding, the drug is almost totally retained in
the albumin-distribution compartment, Z.e., 0.1 I/kg for a
drug with f, = 0 or 0.2 I/kg for a drug with f, = 1. Drugs
with permissive binding, in contrast, have correspond-
ingly higher volumes of distribution. Moreover, for most
drugs, the percentage of protein binding remains rela-
tively constant throughout the dosing range, whereas
some drugs, such as ceftriaxone, can saturate plasma
protein-binding sites within their usual dosing ranges,
resulting in nonlinearity of various pharmacokinetic pa-
rameters.’ Increasing drug concentrations in plasma or
decreasing the number of plasma protein-binding sites
may enhance the free fraction of the drug. Although the
effects of drug-protein binding on pharmacokinetics
have been previously investigated,” whether changes of
such drug binding result in altered pharmacodynamic
effect(s) is a relatively unexplored area, mainly because
it is so difficult to design and conduct meaningful stud-
ies.'®> A few relevant clinical studies have suggested that
the concentration of free drug may correlate with the
clinical effect better than the total drug concentration
does,?® but there are too few definitive studies in the
area of free drug concentration- effect relations.

For P-lactams, the time that plasma concentrations
remain above the minimal inhibitory concentration of
the pathogen is the pharmacodynamic parameter most
closely linked with outcome.'? It has been shown that
this time need be only 60-70% of a dose interval to
obtain the maximum bactericidal effect, providing un-
bound drug levels are used for assessing effectiveness of
highly protein-bound cephalosporins such as ceftriax-
one.®'? Based on surrogate markers for effectiveness of
B-lactams, and because the time that the free ceftriaxone
concentration in plasma (and thus in extravascular fluid)
remained more than 4 mg/l was 1.5-fold higher in pa-
tients, we can hypothesize better effectiveness when
ceftriaxone is given to hypoalbuminemic patients. No
conclusion can be drawn regarding toxicity, because it
was not evaluated.

However, the increase free drug concentration in
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plasma of hypoproteinemic patients may enhance the
potential drug toxicity, especially when low therapeutic
index drugs are used. Recently, seizures were reported
in a hypoalbuminemic patient receiving phenytoin.*
Despite a therapeutic serum phenytoin concentration,
the free concentration was more than doubled. After
lowering the daily phenytoin dose, the patient im-
proved. This report clearly indicates better phenytoin
distribution in hypoalbuminemic patients with toxig?
drug concentrations in tissues. Many drugs used by ang
esthesiologists are highly plasma bound, such as midad
zolam, thiopental, lidocaine, bupivacaine, mupivacaineg
alfentanil, sufentanil, fentanyl, propranolol, warfarin_.;z_‘
digitoxin, and so on.>® Because some of these highlg
bound drugs have a low therapeutic index, administra,
tion of a standard dose in a patient with hypoproteine§
mia may lead to higher-than-expected free drug levelg-
with a theoretical risk of toxicity. Further studies explor3
ing the pharmacologic and possible toxic effects of dﬁ:
creased protein binding capacity on other highly boung
drugs frequently used by anesthesiologists are wars
ranted.

In conclusion, this study indicates that in plasma, ia
rogenic hypoalbuminemia induces greater free ceftriax‘%
one concentration, a cephalosporin that binds strong t@&
serum albumin. The higher free drug concentration obmg
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distribution and may have greater effectiveness.
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