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Summary. The influence of controlled mechanical ventila-
tion (CMV) on the pharmacokinetic profile of gentamicin
has been examined in 23 patients after elective open heart
surgery. A parallel design was adopted in two groups of
patients: 13 patients requiring CMV for at least 32 h after
surgery, all of whom were able to breath spontaneously
(SB) after 72 h (study group), and 10 patients who re-
quired CMV for only a brief period and who showed SB at
32 h postsurgery. Haemodynamic parameters remained
stable throughout the study. Apparent volume of distribu-
tion (V,), half-life (t;), total clearance (CL), peak (Crax®)
and trough (Cui) plasma levels at steady-state for target
levels (6-8 pg/ml), were measured.

In the study group significant differences between
CMV and SB conditions were found in V, (mean 0.36 and
0.25 l/kg), t1» (mean 3.63 and 2.90 h) and Cray (mean 4.30
and 5.53 ug/ml) while Cp (mean 1.06 ug-ml™! and
0.92 ug-ml~") did not change significantly. In contrast, the
pharmacokinetics in the control group showed no dif-
ferences.

It appears that CMV leads to an increase in gentamicin
V,, which accounts for the fall in Cy,,~ below the thera-
peutic dose range (<5ug/ml) recommended for gen-
tamicin. It seems advisable to use a larger dose of gen-
tamicin in patients receiving CMV, even before the level is
assessed.
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Aminoglycoside antibiotics are an important group in the
treatment of serious Gram-negative infections. The range
between a toxic and a therapeutic level is very narrow, so
it is recommended that peak and trough drug concentra-
tions should be carefully monitored to ensure that a thera-
peutic range is achieved and to avoid drug accumulation,
which may provoke impaired renal function {1, 2]. Moore
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et al. [3] recently demonstrated a strong correlation be-
tween high serum peak concentrations related to the mini-
mal inhibitory concentration for the infecting organism
and the clinical response to aminoglycoside therapy, or
survival in gram-negative bacteraemia. Others [4] have
suggested that breakthrough bacteraemia, the recurrence
or regrowth of the infecting organism in blood cultures is
most often associated with subinhibitory peak concentra-
tions of gentamicin.

Controlled mechanical ventilation (CMV) increases
airway and intrathoracic pressures, decreases cardiac fill-
ing pressure and cardiac output, inducing a decrease in
central blood volume and a fall in right heart transmural
pressure [5-7]. CMV has also been shown to diminish
renal blood flow, glomerular filtration rate, tubular so-
dium excretion and urinary output [8]. These phenomena
appear to be more prominent in previously hypovolaemic
patients, or when PEEP is added to low compliance lungs
and patients are ventilated with a high tidal volume [7].

In addition, CMV increases the plasma vasopressin re-
sponse to baroreceptor stimulation and the renin-an-
giotensin system becomes activated [8]. Altered intrare-
nal blood flow distribution, decline in renal blood flow,
increase in renal venous pressure promoting tubular so-
dium reabsorption, and the stimulated secretion of anti-
diuretic hormone, are other mechanisms probably in-
volved in fluid retention related to CMV [§]. Recently, the
alpha-atrial natriuretic peptide (ANP) has been shown to
play an important role in sodium and water homeostasis,
stimulating natriuresis and diuresis by an increase in the
glomerular filtration rate [9]. Atrial compression caused
by high intrathoracic pressure induced by CMYV, positive
end-expiratory pressure (PEEP) or continuous positive
airway pressure (CPAP), may all diminish ANP excretion
[10, 11].

All these body fluid changes could influence the dis-
tribution and elimination of water-soluble drugs, and they
are important factors affecting the classical pharmaco-
kinetic disposition parameters. Whether the use of CMV
should lead to modification of dosage recommended to
obtain plasma drug levels within the therapeutic range re-
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mains to be elucidated. Although the metabolism of he-
patically cleared drugs has previously been studied in
mechanically ventilated patients [12], the effect of CMV
on the pharmacokinetics of renally excreted drugs has not
been well established.

The aim of the present study was to evaluate the two
following issues: 1) to determine whether CMV altered
the pharmacokinetic profile of an aminoglycoside, and 2)
if a change were observed to propose the dosage adjust-
ment necessary to ensure plasma therapeutic levels.

Materials and methods

Patient population

One hundred patients more than 18 years old, admitted over a
6 month period to the General Intensive Care Unit in the postoper-
ative period after elective open heart surgery, were considered as
candidates for the study. All patients received prophylactic Cefa-
zolin and gentamicin for 4 days.

After applying exclusion criteria (haemodynamic instability, use
of diuretics, vasopressor and vasodilator agents, changes in gen-
tamicin dosage and inter-dose intervals, cumulative fluid changes
>5% body weight, changes in creatinine clearance above
25 ml-min~!, haemoglobin levels below 8 g-dl~* and acid base dis-
turbances) patients were grouped according to their requirement for
ventilatory support 32 h after surgery. The study group was com-
posed of patients who were still being mechanically ventilated at that
time. All those patients began to breath spontaneously over the fol-
lowing 48 h. The control group consisted of patients who breathed
spontaneously within the first 12 h after surgery. In order to avoid
differences between patients CMV was maintained for a longer peri-
od in the study group, without giving any sedative drugs.

Accordingto these criteria 23 patients were included in the study
after informed consent had been obtained from each patient or his
legal guardian. Two groups were formed:
ay Study group of 13 patients (6 f and 7 m) with a mean age of 55.4
(10.9) y (range 40-72y), and a mean body weight of 66.9 (6.5) kg
(range 57-76.5 kg). Seven patients underwent by-pass coronary
surgery, and 6 had had a valve replacement procedure.
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b) Control group of 10 patients (4 f and 6 m) with a mean age 0of 58.9
(12.3) y (range 32-76 y), and a mean body weight of 63.05 (10.1) kg
(range 46.5-80). Seven patients were submitted to by-pass coronary
surgery and 3 to a valve replacement.

Treatment

CMV was performed with a Servo ventilator 900 C (Siemens
ELEMA, Sweden), with a positive end-expiratory pressure of 3 cm
H,O, and inspiratory O, concentration of 30-40%. A minute volume
of 10-12 ml-kg~! was maintained during CMV at a rate of 16 to
18 breaths -min~!. During spontaneous breathing (SB) an oxygen
mask was used by all patients.

The adequacy of ventilation in CMV and SB patients was ascer-
tained by arterial blood gas measurements.

All patients were closely and continuously monitored by the
nursing staff and one of the investigators during the study period.
Throughout the study, in each 8-h period, plasma and urinary elec-
trolytes, blood and urinary urea, and urinary and plasma creatinine
concentrations were measured by standard laboratory techniques.
Creatinine clearance, free water and osmolar clearance were calcu-
lated.

Study stages

The decline in gentamicin plasma levels was studied in both groups.
After 32 h during the postoperative period, the study group was still
on CMV. Control group patients were extubated at least 20 h before
the onset of the protocol. The pharmacokinetic profile of gentamicin
was again studied after 72 h during the postoperative period. All pa-
tients showed SB, and for the study group, this was achieved at least
24 h before the second phase of the study.

The steady state condition for plasma gentamicin levels was con-
sidered to have been achieved by 32 h during the postoperative peri-
od.

The study protocol was approved by the Ethical Committee of
the hospital.
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Table I. Gasometric and fluid balance (mean with (SD) ) parameters
Condition/Parameter Study group (n=13) Control group (n=10
group
CMV (32h) SB (72h) SB (32h) SB (72 h)

pH 7.44 (0.03) 7.43 (0.03) 7.44 (0.04) 7.44 (0.04)
PaO, (mm Hg) 112.7 (22.1) 96.1 (18.8) 871 (5.6) 88.9 (9.6)
PaCO, (mmHg) 33.7 (5.6) 382 (32) 354 (5.6) 382 (2.8)
FIO, (%) 317 (59) 25.7 (1.97) 375 (42) 25.1 (1.4)
Tidal Volume (ml/kg) 10.2 (2.55) - - -
Urinary output (ml/min) 1.10 (011 1.35 (0.05 1.32 (0.02 1.33 (0.01

ry output ( ) (011) .  (005) (0.02) (0.01)
CL H,O (ml/min) -1.12 (0.2) -1.67 (0.04) -1.50 (0.29) -1.56 (0.37)

. .

CL o (mV/min 2.10 (0.15 2.63 (030 255 (021 249 (0.18

(mifmin) 013 (030) 021 ©18)
CLcr (ml/min) 60.8 (18.9) 60.5 (16.5) 714 (12.1) 71.7 (13.4)
Significance * P <0.05
Procedures Calculations

Doses of gentamicin were diluted in 50 m15% dextrose solution and
were administered intravenously (3.5 mg-kg ~! per day) over 30 min,
by a metered-chamber delivery system using gravity flow. The i.v.
tubing was flushed with 15 ml 5% dextrose solution after the drug
solution had been empted from the chamber. Any variation in this
procedure was recorded. Cefazolin was administered at a different
time, so as to avoid any interaction with gentamicin.

Blood samples were taken in steady state conditions in the 32 and
72 h phases. Blood samples were obtained immediately before the
next scheduled dose (trough level), 30 min after the end of the infu-
sion (peak level), and 2, 4,6 and 8 h in the postinfusion period.

All samples were immediately centrifuged and frozen until anal-
yzed to minimize interday analytical variability. Plasma concentra-
tions were measured in duplicate by fluorescence immunoassay
(TDX, Abbott Diagnostics, Irwing, Tx). The between and withinrun
coefficients of variation were below 10% for values ranging from 0.5
to16ug-ml-".

Pharmacokinetic disposition parameters, apparent volume of dis-
tribution (V,), elimination half-life (t,,), total body clearance (CL),
were calculated by the Sawchuk and Zaske method [13], which as-
sumes a one-compartment model for gentamicin and accounts for
drug disposition during the infusion period. V, data were obtained
according to the following equations:

Vv, (1) = ko (l'e ke l4)/1(6 (Cmaxﬁfcmin” ~ke r)

k. (h~!): elimination constant rate calculated by least-squares linear
regression analysis of the slope of the log serum concentration-time
curve.

(Crmin (ug/ml): Trough gentamicin level measured just before infu-
sion of the dose at steady-state.

(Cmax* (ng/ml): Peak gentamicin level measured at the end of the in-
fusion dose in steady-state conditions.

Cpax d: desired peak gentamicin level around 6 to 8 pg-ml~!
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k, (h): Infusion rate
t’ (h): Duration of the infusion
T (h): Dosing interval

Statistical analysis

The analysis was one way repeated measures with five variables
(Cain®s Cmax®s Vi tin, CL) MANOVA, using Hotelling/T® test for
evaluating multivariate differences in order to avoid Type I errors
with inflated degrees of freedom.

Correlations between the different pharmacokinetic variables
were also assessed by means of Pearson’s r.

Paired Student’s t-test was used to compare renal function values
in each group of patients.

In all cases P <0.05 was considered significant. The data were
evaluated using the Standard Statistical Package for Social Sciences
(SPSS-PC*) program.

Results

The results of arterial blood gas analysis and the fluid bal-
ance measurements are summarized in Table I. In the
study group, the fluid balance was positive during CMV
and negative when patients breathed spontaneously, due
to reduced urine output and negative free water clearance
during CMV. Osmolar clearance changed in the opposite
direction, (P < 0.05). The creatinine clearance remained
within normal values throughout the study period. In the
control group, renal function and gasometric parameters
were similar in both study phases (Table I).

The Pharmacokinetic data from the Study Group are
shownin Table 2. The V, (mean with (SD) was significant-
ly larger (P < 0.001) in CMV (0.36 (1.20) - kg ") than dur-
ing SB (0.25 (0.05) 1- kg *). The differences in t;, between
CMV (3.63 (0.90) h) and SB (2.90 (0.80) h) was significant
(P<0.001). CL in CMV (0.075 (0.034)1-kg~'-h~") was
not different from in SB (0.063 (0.020) 1-kg~'-h~?).

After gentamicin infusion, the Cp.~ values obtained
were significantly lower (P<0.0001) in CMV (4.30

Table II. Pharmacokinetics of gentamicin in study group patients
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(1.08) ug-ml~1) than during SB (5.53 (1.20) pg-ml~'). No
difference in Cuy= was found between CMV (1.06
(0.58) ug-ml~") and SB (0.92 (0.50) pug-ml™1).

There was a significant correlation between V, and
Cuax* (1 =0.767; P < 0.001).

None of the pharmacokinetic parameters in the control
group (Table IIT) showed any differences between the two
phases of the study.

Discussion

The present data strongly suggest that CMV alters the
pharmacokinetic disposition of gentamicin, producing a
significant increase in its V,. This probably accounts for
the lower than desired peak serum concentrations. There-
fore, there is the need to adjust gentamicin dosage under
those conditions.

Aminoglycoside antibiotics are primarily distributed
to a pharmacological space very similar to the physiologi-
cal space of the extracellular fluid compartment, since
binding to serum proteins is low and is not considered
clinically important. They are eliminated unchanged by
glomerular filtration.

The efficacy of aminoglycosides is well correlated with
the peak serum concentration obtained shortly after in-
stitution of therapy [14]. These antibiotics have a low ther-
apeutic index, and the concentrations necessary for opti-
mal efficacy are close to those associated with a risk of
toxicity [14]. Due to the large inter- and intrapatient dif-
ferences in pharmacokinetic parameters, the serum con-
centration produced by the recommended dosage regi-
mens varies substantially. It has been demonstrated that
initial aminoglycoside serum levels are too low in at least
40% of patients treated according to the manufacturer’s
dosage recommendations [15-17]. Measuring serum con-
centrations and adjusting the dosage regimen in individ-
ual patients are often necessary to achieve the desired
(therapeutic) serum concentration.

Parameter V, (I’kg) tin (h) CL({-kg™'-h71) Cinax* (Ug-ml 1) Cuin® (Lg/ml)
Patient/condition CMV SB CMV SB CMV SB CMV SB CMV SB
1 0.39 0.28 4.61 4.15 0.058 0.048 4.04 4.94 1.31 1.41
2 0.55 0.30 2.51 1.92 0.153 0.109 3.16 5.02 0.40 0.33
3 0.31 0.23 4.94 4.26 0.044 0.037 6.07 7.33 2.12 2.16
4 0.32 0.23 4.11 2.89 0.054 0.056 4.39 5.31 1.24 0.88
5 0.34 0.30 5.01 3.91 0.047 0.053 5.85 5.21 2.07 1.38
6 0.31 0.18 3.13 2.36 0.070 0.053 4.65 7.24 0.88 0.80
7 0.39 0.31 3.72 2.70 0.073 0.079 3.92 4.45 0.97 0.65
8 0.52 0.34 2.81 2.56 0.013 0.092 2.17 3.28 0.34 0.43
9 0.30 0.21 2.50 2.39 0.083 0.060 4.40 6.15 0.55 0.70
10 0.25 0.19 3.96 2.70 0.043 0.048 5.22 6.02 1.40 0.88
11 0.31 0.19 3.34 2.53 0.064 0.053 4.83 7.17 1.01 0.92
12 0.35 0.30 4.05 3.58 0.059 0.058 4.02 4.65 1.11 1.09
13 0.37 0.20 2.50 1.87 0.010 0.074 3.21 521 0.40 0.39
mean 0,36 0,25 3,63 2,90 0,059 0,063 4,30 5,53 1,06 0,92
(SD) 0,08)  (0,05) 0,9)  (0.80) (0,035) (0,020 1,08)  (1,20) 0,58)  (0,50)
Significance % o NS ot NS

P <0.001
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Table 3. Pharmacokinetics of gentamicin in control patients
Parameter vV, (Ukg) tiz () CL(l-kg'-h™H) Canar” (Lg-ml ™) Cin® (Pg/ml)
Patient/condition 2h  72h 2h  72h 2h  72h 32h  72h 2h  72h
1 0.24 0.26 2.58 2.95 0.064 0.062 4,86 4,70 0.65 0.80
2 0.19 0.21 2.35 2.52 0.055 0.058 7.12 6.53 0.78 0.83
3 0.24 0.25 2.87 2.72 0.059 0.061 5.84 5.76 0.95 0.85
4 0.15 0.19 2.34 2.55 0.046 0.051 6.47 5.59 0.70 0.73
5 0.32 0.26 4.46 3.96 0.050 0.046 4.44 4.81 1.38 1.29
6 0.28 0.29 3.11 3.08 0.062 0.066 5.54 5.26 1.04 0.97
7 0.28 0.32 2.97 322 0.066 0.070 4.91 4.45 0.85 0.88
8 0.21 0.22 2.22 2.47 0.065 0.062 6.16 6.00 0.59 0.73
9 0.26 0.27 3.00 2.86 0.061 0.065 4.93 4.82 0.87 0.79
10 0.22 0.21 2.78 2.78 0.055 0.052 5.21 5.66 0.80 0.87
mean 0.24 0.25 2.86 2.91 0.058 0.059 5.54 5.36 0.86 0.87
(SD) (0.05) (0.04) (0.64) (0.44) (0.007)  (0.008) (0.84) (0.66) (0.22) (0.16)
Significance NS NS NS NS NS

Aminoglycoside pharmacokinetics have been studied
in many disease states and patient groups [18-22]. Inter-
patient differences have previously been documented, but
intrapatient variations have only recently been described
[17], and their causes, are not certain, although several hy-
potheses have been proposed. In stable patients, 80 to
90% of the variance in aminoglycoside elimination can be
accounted for by changes in renal function [23]. In pa-
tients with sepsis renal function is unable completely to
explain the observed variability in aminoglycoside phar-
macokinetics [16]. A substantial error may occur in pre-
dicting drug clearance or elimination rate from estimates
of glomerular filtration rate, even though renal function is
the most important variable.

Many factors that are commonly present in critically ill
patients affect aminoglycoside pharmacokinetics [15, 16].
The V, of these drugs has been reported to be between
0.20 to 0.251-kg ™' in stable patients, although an increase
in V, can be seen in many situations, e. g. in the early stages
after extensive burns, sutgical patients in the postopera-
tive period, peritonitis, congestive heart failure and
ascites [16, 19, 24].

In the present trial 23 patients during the postopera-
tive period after elective open heart surgery were studied
to evaluate possible changes on gentamicin pharmaco-
kinetic parameters related to CMV. The patients were
enrolled in two different groups, depending on whether
they were still undergoing CMV at the onset of the study.
Three days later, when all patients were breathing spon-
taneously, the pharmacokinetic evaluations were re-
peated.

During CMV the mean V, was 0.36 1-kg ™!, similar to
results in other critically ill surgical patients, while, during
SB, the mean V, was 0.251-kg~", similar to widely re-
ported data for stable patients [24, 25-27].

The increased V, in patients undergoing CMV cannot
be related just to the perioperative period, because the
control group did not show any difference in the V, of gen-
tamicin in the two phases of the study. The aminoglycoside
V, here was not correlated with fluid administration, since
patients had already received a large quantity of fluids
during surgery, and the volume of fluid administered in
the ICU was similar in each groups.

The V, of water-soluble drugs is a physiological marker
of the extracellular fluid compartment, and so is an indi-
rect measure of the state of hydration. During CMYV, the
decrease in urine volume and negative free water clear-
ance have been related to increased ADH release, induc-
ing water retention and hyponatraemia [§].

Recently, decreased release of o-ANP as a conse-
quence of atrial compression by the distended lungs and of
reduced venous return has been described in CMV pa-
tients [9, 10]. Those authors suggested that the decline in
plasma a-ANP levels contributes to the fluid retention
and renal dysfunction that frequently occurs in CMV.
Moreover, a-ANP influences salt and water homoeostasis
by inhibition of aldosterone secretion, suppression of anti-
diuretic hormone release, and inhibition of the aldo-
sterone Il-induced drinking response. However, the role
of all these factors in promoting an “overhydrated state”,
which could increase the V, of water soluble drugs, such as
gentamicin, is unknown.

Thus, the cause of the larger V, seen in patients sub-
mitted to CMV remains controversial, but it is clear that
standard, empirical aminoglycoside dosage recommenda-
tions, using an estimated V, 0of 0.20 t0 0.30 1-kg !, tended
to produce under-dosing in mechanically ventilated pa-
tients.

Due to low peak gentamicin plasma levels achieved
during CMYV, the theoretical dose needed to reach the tar-
get levels was higher in CMV than in SB. During SB, the
dose required by the study patients was equivalent to that
in the control group.

SB patients showed Vd, CL, t;, peak and trough plas-
ma concentrations within the expected values, and no sig-
nificant differences were found in the control group.

The intrapatient pharmacokinetic variability described
here might partly be due to variation in drug delivery,
flushing of the intravenous line, the assay method, samp-
ling strategies and the inability of the one-compartment
model to account for two-compartment accumulation.
Because of these possible errors, the variation may repre-
sent apparent rather than real changes in the intrapatient
pharmacokinetic variables. To quantify the true intra-
patient pharmacokinetic variation, and in order to avoid
the standard limitations of the Sawchuk and Zaske
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method, an analysis was made of five serum samples ob-
tained during the drug elimination phase under strict ad-
herence to the protocol in terms of data collection and
handling, time of drug administration and length of dos-
age infusion.

In conclusion, the pharmacokinetics of gentamicin was
substantially affected by CMV, leading to inadequate
peak plasma levels when a conventional schedules was
used. As the drug was administered prophylactically, the
clinical impact of the findings is not known. Further
studies are required to assess the underlying mechanism
and the clinical response in critically ill patients of the
CMV-induced amino changes in the pharmacokinetics of
aminoglycoside antibiotics.

Acknowledgements. We thank M* Rosa de Vilar for typing the manu-
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