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Elderly, Conscious Patients Have an Accentuated Hypotensive

Response to Nitroglycerin
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There is no adequate explanation for the highly variable response
of systemic blood pressure to nitroglycerin (glyceryl trinitrate
[GTN]). Aging produces cardiovascular changes that should alter
the effects of GTN, but elderly patients usually have been excluded
from studies of GTN. Accordingly, the authors compared the effects
of GTN on systemic blood pressure in elderly and younger patients.
Fifty-three patients, aged 49-87 (with 30 patients older than 70),
were studied. Before elective vascular surgery, 14 patients received
an infusion of placebo; 26, a constant infusion of GTN; and 13, a
stepwise increasing infusion of GTN. After a standardized anesthetic
induction and the start of surgery, the identical infusion protocols
were repeated in each group. Data on GTN infusion rate, arterial
blood pressure, and GTN concentrations versus time, age, and other
potentially influencing variables were pooled for analysis. Before
anesthesia and surgery, GTN more commonly caused excessive hy-
potension in patients older than 70 yr than in younger patients, but
none of the patients had complications. A repeated-measures model
analysis indicated that age significantly influenced the effects of GTN
on blood pressure. That is, patients who are in their 70s who receive
0.5 ug-kg™ *min™ of GTN are predicted to experience a twofold
greater decrease in systolic arterial pressure (approximately 33
mmHg) than patients in their 50s. However, no apparent effect of
age on intraoperative GTN responsiveness was discernible nor was
a predictable relationship found between the preoperative and in-
traoperative responsiveness or between arterial concentrations of
GTN and blood pressure or age. Therefore, the authors conclude
that, in the absence of the effects of anesthesia and surgery, elderly
patients have a more pronounced blood pressure response to GTN
than younger patients. Furthermore, the authors conclude that pre-
operative blood pressure responsiveness to GTN is not a reliable
predictor of intraoperative responsiveness. (Key words: Age factors.
Anesthetics, volatile; isoflurane. Blood pressure. Pharmacology:
glyceryl trinitrate.)
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SURGICAL PATIENTS may require intravenous nitroglyc-
erin (glyceryl trinitrate [GTN]) perioperatively to control
blood pressure or relieve myocardial ischemia. However,
seemingly comparable patients often need significantly
different doses of GTN to effect the same hemodynamic
results.”? Acute tolerance® and differences in resting car-
diac output* are known to affect the pharmacology of
GTN, but these alone are insufficient to explain such dif-
ferences. Age-related changes in pharmacokinetics or dy-
namics also may contribute. Although aortic tissue from
senescent animals retains normal responsiveness to organic
nitrates in vitro,’ left ventricular compliance decreases with
aging.® Accordingly, GTN-induced decreases in systemic
venous return should reduce ventricular filling more in
elderly than in younger patients.

Because age is an independent predictor of coronary
atherosclerosis,” elderly patients frequently have myocar-
dial ischemia, which is treated with GTN. However, pre-
vious studies of GTN usually have excluded elderly pa-
tients or have not explored the influence of age or anes-
thesia and surgery on the effects of GTN. A better
understanding of the variables that alter the pharmaco-
kinetics and dynamics of GTN should facilitate its safe
administration, especially in elderly patients, who are least
able to tolerate the prolonged myocardial ischemia that
may result from inadequate dosing or the hypotension
due to excessive dosing. Therefore, we designed the cur-
rent study to answer three questions: 1) Are elderly pa-
tients more sensitive to the hypotensive effects of intra-
venous GTN than younger patients? 2) Are arterial con-
centrations of GTN and its major metabolites different
in elderly patients than in younger patients? 3) Is the pre-
operative blood pressure response to intravenous GTN
predictive of its intraoperative response? We selected sys-
tolic blood pressure as our primary variable for study be-
cause anesthesiologists commonly use it to define the ac-
ceptable GTN dose response.

Materials and Methods

PATIENT POPULATION AND PREPARATION
FOR STUDY

With approval from our Committee on Human Re-
search and written informed consent, we studied 53 pa-
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tients (aged 49-87, including 30 patients older than 70
yr of age) scheduled for elective abdominal or femoral
vascular surgery. We selected this population because they
frequently have coronary atherosclerosis, often receive
intravenous GTN for control of blood pressure or treat-
ment of myocardial ischemia, and require invasive blood
pressure monitoring. We excluded from study patients
with uncontrolled congestive heart failure, valvular heart
disease, jaundice, or end-stage renal disease.

On the night before study, all patients were given an
intravenous infusion of 5% dextrose and one-half normal
saline solution at 2 ml-kg™' -h™! through a catheter in
the hand or wrist; administration of long-acting nitrates
was stopped at least 8 h before surgery (except in two
patients in whom a dose inadvertently was administered
100 min before study). At 5:00 AM the next morning,
patients were given diazepam, 0.10-0.15 mg/kg orally,
and their usual morning medications (except nitrates).
Thirty minutes later, they received an intramuscular in-
jection of morphine sulfate, 0.10-0.15 mg/kg, and were
transported to a quiet operating room. The preoperative
phase of the studies was conducted before the surgical
nurses or surgeons arrived. Diazepam and morphine were
administered to the patients to reduce their anxiety and
discomfort during the preoperative preparations and to
emulate common clinical practice in other patients given
intravenous GTN (e.g., those having acute myocardial
infarctions).

On arrival in the operating room, patients were placed
in the supine position on a padded operating room table,
intravenous fluid administration was increased to 5
ml-kg™'-h7!, and 2 1/min oxygen was administered
through nasal prongs. With the patients under local anes-
thesia, we placed a 20-G catheter in a radial artery for
measurement of blood pressure with 180-cm-long pres-
sure tubing and a Trandec® disposable transducer (Pres-
sure Monitoring Kit 51-MK9242, American Edward
Laboratories, Irvine, CA). After the zero reference pres-
sure was established and the transducer was calibrated,
blood pressure and heart rate (from electrocardiographic
‘monitoring) were recorded continuously (Gould model
2107-4490 00, Cleveland, OH). When all preparations
for study were completed, patients rested quietly until
their systolic arterial pressure (SAP) varied less than 10%
for 2 min, which usually required 5-10 min. The trans-
ducer was checked frequently for zero drift during study
and changes in calibration at the end of study. Drift de-
tected during study (typically less than 2 mmHg) was cor-
rected immediately, and calibration did not change.

PREOPERATIVE STUDY PROTOCOL

In a single-blind design, the first 14 patients received
an infusion of placebo for 30 min so that the stability of
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SAP during the experiment could be determined. The
next 26 patients received a constant infusion of GTN for
15-30 min or until hypotension occurred, as defined by
an SAP that was 85% of the SAPy, the mean of the three
lowest SAP values recorded by the ward nursing staff be-
fore study. We used the SAPy value and not the SAP
value immediately preceding the start of the study (SAP,
is the average SAP for the 2 min preceding the start of
GTN infusion) to define hypotension because the SAPw
usually was considerably less than the SAPg and thus better
defined the minimum safe blood pressure. We adopted
15 min as the duration of GTN infusion after the first
ten studies demonstrated stability of SAP within 10 min
of the start of infusion. GTN (Tridil® [DuPont Pharma-
ceuticals, Inc., Wilmington, DE] diluted to 100 ug/ml in
5% dextrose) was administered from a 50-ml glass syringe
with a calibrated syringe pump (model 1001, Medfusion
Systems, Inc., Norcross, GA) into the indwelling intra-
venous catheter through low-absorption tubing (AVI
Guardian Intravenous Administration Set, 3M Company,
St. Paul, MN).

Our initial study design called for a GTN infusion rate
of 0.5 pg - kg™ - min~’, to be increased by 0.25 ug in sub-
sequent patients if SAP declined to less than 10% of the
SAP,. However, the second patient to receive 0.75
pug+ kg™ - min~! showed significant hypotension that ne-
cessitated treatment with ephedrine. Subsequent patients
received 0.5 pug-kg™'+min~'. In 1 patient, an infusion
pump malfunction resulted in an infusion rate of 0.35
g+ kg™' - min~'. Thus, 14 patients received an infusion
of placebo and 26 patients a constant infusion of GTN
(23 patients received 0.5, 2 patients 0.75, and 1 patient
0.35 pg-kg™' - min!).

In 6 patients 70 years of age or older, the constant
infusion of GTN was stopped before 15 min because hy-
potension developed. To confirm the apparent impor-
tance of age in this response, we studied 13 additional
patients (9 were older than 70 yr) using a stepwise in-
creasing infusion of GTN. This revised protocol tested
the effects of three target doses of GTN: 0.25, 0.50, and
0.75 or 1.0 ug-kg™' *min™! GTN. The 1.0-ug dose, and
not the 0.75-ug dose, was given if 0.5 pg-kg™ - min™"
did not reduce the SAP to less than SAP,. Each target
dose was administered for 8 min and was preceded im-
mediately by a 2-min loading dose to speed attainment of
steady state and to confine the duration of the experiment
to 30 min (the period of time our placebo studies docu-
mented stable hemodynamics). The loading dose (LD) was
calculated as follows: LD = 2-(TD — PD) + PD, where
TD is the target dose and PD is the preceding dose. For
example, most patients were expected to receive a load-
ing/target dose of 0.5/0.25, 0.75/0.5, and 1.0/0.75
pg - kg™' - min~'. The infusion was stopped immediately
if SAP decreased to less than 85% of SAPy.
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INTRAOPERATIVE STUDY PROTOCOL

Anesthesia and muscle relaxation were induced with
2-3 mg/kg thiopental, 1-3 ug/kg fentanyl, 0.5-1.5%
inspired isoflurane, and 0.1 mg/kg vecuronium, After
tracheal intubation, ventilation was controlled and anes-
thesia provided with 50% nitrous oxide and sufficient iso-
flurane to maintain the SAP at a level that was greater
than or equal to the SAPw. During induction of anesthesia
and before incision, intravenous lactated Ringer’s solution
was administered by the responsible anesthesiologist (not
an investigator) in a volume deemed necessary to maintain
clinically acceptable hemodynamics. Pulmonary artery
and central venous pressure monitoring were instituted
before induction of anesthesia when clinically indicated.
In the research protocol, it was required only that filling
pressures be maintained in a normal range, if possible,
when they were monitored (central venous pressure, 3—
8 mmHg; pulmonary capillary wedge pressure, 5-12
mmHg) or in a range comparable (within 5 mmHg) to
the baseline values (if available) obtained before the pre-
operative infusion.

During the first 30-60 min of surgery, when surgical
stimulation was deemed to be stable (no extension of the
incision, repositioning of retractors, or cessation of sur-
gery) and before significant blood loss occurred or clamp-
ing of major vessels, the test infusion of placebo or GTN
was administered again with exactly the same doses and
timing used preoperatively. The infusion was stopped im-
mediately if the SAP decreased to less than 85% of the
SAPy. End-tidal isoflurane concentrations and rate of
fluid administration (5 ml+kg™' - h™! of lactated Ringer’s
solution) were kept stable for at least 5 min before and
during the GTN infusion. No additional medications were
added during the infusion. All hemodynamic data and all
drugs and fluids administered were recorded by the in-
vestigators. Between-group differences in demographics
and hemodynamics were assessed by chi-square analysis
and paired and unpaired ¢ tests, as appropriate.

ARTERIAL CONCENTRATIONS OF GTN
AND METABOLITES

In patients receiving a constant infusion of GTN, we
drew arterial blood samples immediately before infusion
of GTN and at 2.5, 5, 10, 15, 20, 25, and 30 min after
the start of the infusion. In patients receiving a stepwise
increasing infusion of GTN, we drew arterial samples im-
mediately before infusion and at 7.5 and 10 min after the
start of each of the three planned steps in the infusion.
All samples were drawn from the radial arterial catheter
in an identical fashion by the same investigator. The blood
samples were centrifuged immediately for 30 s at 14,000
rpm. The plasma was removed and frozen in a dry-ice
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bath of isopropyl alcohol until completion of the study,
when the samples were transferred to a freezer for storage
at —80° C until they were extracted and analyzed. The
total time elapsed from the time the blood was drawn
until the plasma was frozen was less than 2.5 min. Plasma
concentrations of GTN and its two major metabolites (1,2
glyceryl dinitrate and 1,3 glyceryl dinitrate) were deter-
mined with the analysis published by Lee et al.® A brief
summary of this technique and our pharmacokinetic
analysis of the resulting data is presented in Appendix 1.

DATA ANALYSIS

Data were analyzed from the preoperative study for
placebo or GTN infusion rates, SAP versus time, and in-
fluencing variables (age, gender, weight, previous nitrate
exposure, and intravascular volume) for all patients. Ni-
trate exposure was considered positive if the patient re-
ceived any form of nitrate therapy during the 24 h pre-
ceding study. Intravascular volume was defined as “‘po-
tentially inadequate” (despite our design to standardize
hydration) when a patient received 1 standard deviation
less intravenous fluid than other patients over the 12 h
preceding this study, in addition to bowel cathartics and
intravenous dye injection for aortography during the 24
h preceding the study. Data were analyzed with the com-
puter program NONMEM, which uses normal theory
maximum likelihood estimation for an approximate
model, linearized in its random effects, to estimate pop-
ulation pharmacokinetic and dynamic parameters de-
scribing mean effects of covariates (such as age) and in-
terindividual and intraindividual variability.® The log
likelihood ratio was used to test for significant improve-
ment in model fit produced by including the various co-
variates (see table 3).'® The same analysis technique was
used for the intraoperative data except that the covariance
(if any) between preoperative and intraoperative param-
eters also was evaluated. Details of this mathematical
analysis are provided in Appendix 2.

Results

Patients receiving placebo and GTN were clinically and
demographically comparable (table 1). Similarly, the
younger group (younger than 70 yr) was comparable to
the older group of patients, except this group included
more women (table 2).

PREOPERATIVE STUDIES

Infusion of placebo had no significant effect on SAP
or heart rate, whereas GTN decreased SAP (fig. 1) and
increased heart rate 5%. In 10 of 23 patients older than
70 yr (5 patients given 0.5 and 1 given 0.75
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TABLE 1. Demographic and Clinical Characteristics of Patients
Given Placebo versus Glyceryl Trinitrate

Placebo (n = 14) GTN (n = 39) P Value
Age (yr)* 66 69 NS
270 yr (%) 50 59 NS
Males (%) 43 64 NS
Weight (kg)* 67 72 NS
B blockers (%) 21 31 NS
Ca blockers (%) 14 26 NS
Nitrates (%) 29 10 0.10
Hx HTCVD (%) 71 72 NS
Hx angina (%) 21 13 NS
Hx MI (%) 14 13 NS

NS = not significant; Hx = history of; HTCVD = hypertension; MI
= myocardial infarction.
* Mean values,

pg-kg™' - min~!, and 4 patients receiving the stepwise in-
creasing infusion) and 3 of 16 younger patients (all given
the stepwise increasing infusion), the study was stopped
after 2-25 min because hypotension developed (SAP
< 85% of SAPy), but no patient had complications. In
one patient, the study was stopped after 6 min because
of urinary distress; in another patient, it was stopped after
5 min because of nausea. All data were used in the analysis
until termination of the study.

The best fitting model (see Appendix 2 for definition
of the models and parameters) indicated significant effects
of age on the mean proportionality constant (m) linking
the infusion rate of GTN and SAP and the mean mono-
exponential rate constant (k) (table 3). Weight also was
found to significantly affect mean k (table 3). Addition of
gender, prior nitrate exposure, or volume status did not
further improve the model fit. The parameters in the
final model for all patients who received GTN preoper-
atively are as follows:

k = 0.236 X (1 — 0.0274 X [age — 70])
X (1 +0.0194 X (weight — 70)) min™"
m = 62.0-(1 + 0.0274 X [age — 70]).

TABLE 2. Demographic and Clinical Characteristics of Elderly
(> 70 yr) versus Young (< 70 yr) Subjects Given Glyceryl Trinitrate

Elderly (n = 23) Young (n = 16) P Value
Age (yr)* 75 60 <0.001
Males (%) 78 44 0.03
Weight (kg)* 75 69 NS
B blockers (%) 26 38 NS
Ca blockers (%) 22 31 NS
Nitrates (%) 9 13 NS
Hx HTCVD (%) 70 75 NS
Hx angina (%) 17 6 NS
Hx MI (%) 13 13 NS

NS = not significant.
* Mean values.
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F1G. 1. The data for preoperative systolic arterial blood pressure
versus time are presented for patients who received infusions of placebo
(dotted line), and one dose (solid line) and multiple doses (dashed line)
of nitroglycerin. Mean values & 1 SEM are shown.

TABLE 3. Stepwise Selection of Variables*

Stage Effect Tested LLD P Value
1 correlation of k and m —54.3 | <0.005
2 1 + age effect on k -3.6 | <0.1

1 + age effecton m -7.5 | <0.025
1 + weight effect on k¥ —-12.3 | <0.005
1 + weight effect on m -8.9 | <0.005
1 + gender effect on k -0.9 NS
1 + gender effect on m -6.0 | <0.025
1 + volume status effect on k -2.9 | <0.10
1 + volume status effect on m -0.2 NS
1 + nitrate exposure effect on k -0.5 NS
1 + nitrate exposure effect on m ~1.5 NS
3 2 + age effect on k -5.8 [ <0.025
2 + age effect on m ~8.1 [ <0.005
2 + weight effect on m -1.5 NS
2 + gender effect on m —-1.2 NS
2 + volume status effect on k -3.6 | <0.10
4 3 + age effect on k7 —124 | <0.005
3 + volume status effect on k -2.3 | <0.15
5 4 + volume status effect on k -0.9 NS
6 4 same effect of age on k and m{} +0.2 NS

LLD = decrease in log likelihood ratio. A decrease of more than 4
is statistically significant.

* Definitions of models and parameters are given in Appendix 2.

F The model selected at each stage and used in subsequent stage(s)
indicated by *‘2+," **3-+," or *'4+" notations. Stage 6 includes variables
selected in stages 1, 2, 3, and 4. All unselected variables with LLD
decreases of =2 at any stage are retained as candidates for selection
at the next stage.

1 The variables selected for the final model. Although stage 6 pro-
vides no significant improvement in model fit, it is simpler than the
model of stage 4, and therefore was selected as the final model.

20z ludy 60 uo 3sanb Aq ypd°90000-00001 266 1-Z¥S0000/LEZEY/9Y9/Y/L L/yPd-01011e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d3Y WOI) papeojumoq



650 CAHALAN ET AL,

- The correlation between % and m is —0.865. The inter-
individual variations (coefficients of variation) of k and m
are 176% and 115%, respectively, and the intraindividual
variability (standard deviation) of SAP is 7.91 mmHg.
The constant 70 in the model was chosen as the approx-
imate median age and weight of the population; it does
not influence the model fit.

Model parameters and fit were essentially identical with
and without the data from the 13 patients who received
the stepwise increasing infusion of GTN, thus confirming
our findings of a significant effect of age on preoperative
GTN responsiveness. Plots of the weighted residuals of
all the data versus the SAP predicted by the model showed
random variation above and below zero, suggesting the
absence of a systematic model misfit (fig. 2). In figure 3,
plots of SAP wversus time are summarized for patients re-
ceiving a constant infusion of GTN: the dotted line is a
locally smoothed value of the data (moving average) and
the solid line is the SAP predicted with the parameters
of the model. The locally smoothed value underestimates
the SAP response at times after 5 min because it does not
take into consideration the effect of patients who were
withdrawn from the study because of hypotension. The

Weighted Residual (SD)

100 150 200
Predicted Systolic Arterial Pressure (mm Hg)

F1G. 2. The data for weighted residuals (WRES) from the fit of the
final model (table 3, stage 6) versus predicted systolic blood pressures
are presented for patients given nitroglycerin preoperatively. The dot-
ted line is at zero; the solid line is a locally smoothed average (moving
average) of the residuals. The random and approximately equal dis-
tribution of residuals above and below the zero line help confirm the
adequacy of the final model.
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FIG. 3. Predicted (solid line) systolic arterial pressures versus time
for a patient (age 68 yr, weight 74 kg, i.e., mean age and weight of the
study population) receiving a constant preoperative infusion of GTN,
0.5 ug-kg™ - min~', are presented. All individual points for all patients
in the single dose protocol are also shown. The dotted line is a locally
smoothed average of the individual points and, therefore, at later times,
includes only data from patients without hypotension.

model estimates the effects of the patients who were with-
drawn because of hypotension and includes these effects
in its overall prediction of the SAP response. The model
predicts that patients in their 70s who receive GTN will
average a twofold greater decrease in SAP than patients
in their 50s (fig. 4). We chose SAP, and not mean arterial
pressure (MAP), as the principal variable to model in our
analysis because SAP is the blood pressure parameter
usually recorded by anesthesiologists. However, we also
measured MAP in all patients and found a close corre-
lation between it and SAP (r® = 0.85), as expected.

INTRAOPERATIVE STUDIES

Infusion of placebo had no significant effect on SAP
or heart rate. However, the variability of SAP within sub-
jects during the intraoperative phase was twofold greater
than during the preoperative phase. Three patients were
withdrawn from the study before the intraoperative phase:
one because of severe hypotension encountered in the
preoperative phase, one because treatment with intra-
venous GTN was started during induction of anesthesia
to treat myocardial ischemia, and one because of mal-
function of the infusion pump. In the other patients, he-
modynamic values preceding the intraoperative infusion
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FIG. 4. Predicted systolic blood pressure versus time for young patient
(age 55 yr) and old patient (age 75 yr) given nitroglycerin preoperatively
according to our single continuous dose (dotted line) or multiple step-
wise doses (solid line) protocol.

were quite comparable to those recorded before the pre-
operative infusion, except that SAP was 16 mmHg lower
(table 4).

Intraoperatively, GTN consistently reduced SAP but
did not change heart rate significantly. In 11 of 21 patients
older than 70 yr of age and 2 of 15 younger patients, the
GTN infusion was stopped because hypotension devel-
oped, but no patient had complications and all data were
used in the analysis. Nine of the 13 patients who had
hypotension during the preoperative GTN infusion also
had it during the intraoperative infusion.

However, our model, which assumed that the preop-
erative and intraoperative response to GTN were related
(i.e., allowing w3 and we4 to be nonzero), fit the data only
marginally better (P ~ 0.05) than the simpler model,
which assumed no relation (see Appendix 2 for definition
of ‘models and parameters). In other words, knowing a
patient’s preoperative response to GTN had no significant
value for the prediction of his or her intraoperative re-
sponse. Moreover, when the intraoperative data were
modeled independently of the preoperative data, no effect
of age on k or m was discernible.

ARTERIAL CONCENTRATIONS OF GTN
AND METABOLITES

The plasma concentrations of GTN and its dinitrate
metabolites were determined in 382 arterial blood samples
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(64% of the total samples we anticipated). Two hundred
sixteen samples were not obtained because studies were
stopped before their scheduled completion, usually be-
cause the patient became hypotensive. Large differences
in concentrations between patients and frequent fluctu-
ations in concentrations within patients were observed;
therefore, no statistically significant differences between
age groups or study periods emerged (table 5). Moreover,
we found no consistent relationship between changes in
arterial concentrations of GTN or its metabolites and ar-
terial blood pressure.

Discussion

PREOPERATIVE STUDIES

We studied the blood pressure response to intravenous
GTN in awake and anesthetized patients because this re-
sponse is likely to influence the therapeutic benefit of
GTN critically.

In a randomized prospective trial, Jugdutt and Warnica
reduced acute myocardial infarct size and the incidence
of left ventricular failure and death by administering 45
* 34 ug/min (+ standard deviation) intravenous GTN

TABLE 4. Hemodynamics and Anesthetic Conditions

Preceding Preceding
Preoperative Intraoperative
Study Study N P
SAP (mmHg) 154 138 49 | <0.01
DAP (mmHg) 65 67 49 | NS
MAP (mmHg) 95 91 49 0.08
MPAP (mmHg) 19 21 9 NS
PCWP (mmHg) 15 15 8| NS
CVP (mmHg) 10 11 10 NS
CO (I/min) 5.0 5.0 8| Ns
SVR (dyne*s:cm %) 1,343 1,395 7 NS
ISO (mmHg) N/A 06 | 49 | NyA
CO; (mmHg) 41 37 44 | <0.01
N;O (mmHg) N/A 50 47 N/A
Fent (ug/kg) N/A 3.9 | 40 | N/A
Fluid (ml/kg) 12 34 48 | <0.01

SAP, DAP, MAP = systolic, diastolic, and mean arterial pressures,
respectively; MPAP = mean pulmonary artery pressure; PCWP = pul-
monary capillary wedge pressure; CVP = central venous pressure; CO
= cardiac output; SVR = systemic vascular resistance; 1SO = end-tidal
isoflurane concentration; CO, = artertal carbon dioxide tension; N,O
= end-tidal nitrous oxide concentration; FENT = intravenous fentany!
administered during anesthetic preceding intraoperative GTN infusion;
FLUID = fluid administered from midnight on the day of study to
preoperative or intraoperative infusion of GTN; N = number of pa-
tients with available data immediately preceding the preoperative and
intraoperative infusions (For instance, 48 of 53 patients had SAP data
available: 3 patients were not studied intraoperatively and one patient
[from the placebo group] was not studied preoperatively to prevent a
delay in the start of surgery. Nine patients had pulmonary artery cath-
eters and one had a central venous catheter placed prior to induction
of anesthesia); P = the paired ¢ test value, which if greater than 0.1 is
shown as NS (nonsignificant); N/A = not applicable.
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TABLE 5. Mean Arterial Concentrations of Nltroglycerm during
Constant Infusion of 0.5 ug- kg™ +min~!

Preoperative Plasma Concentrations

Time (min) Young n Oold n
5 27.1+ 7.2 9 19.7 + 13.0 12
7.5 33.2 = 10.0 9 8.6+ 23 10

10 13.7+ 4.4 9 29.9 *+ 24.4 8
15 32.0 + 13,5 9 28.0 *+ 22.0 8

Intraoperative Plasma Cancentrations

Time (min) Young n old n
5 50.3 + 22.9 8 23.8+11.9 8
7.5 27.5 + 14.7 7 18.7+ 8.8 8

10 10,6 + 2.2 8 19.0 + 9.8 8
15 138+ 44 4 16.6 =+ 9.4 7

Values are mean + SEM. Comparable fluctuations in the plasma
concentrations were also seen during the stepwise increasing infusions,
therefore, these data are not shown.

Young = patients younger than 70 yr, n = number of plasma samples
analyzed; Old = patients 70 yr of age or older.

(compared with our average dose of 44 + 4 ug/min).!!
Infarct size decreased significantly less when GTN was
administered 4 or more hours after the onset of infarction
or its administration induced hypotension (i.e., an MAP
< 80 mmHg [14 of 154 patients, ages not given]). In a
canine model of acute infarction, GTN increased collat-
eral blood flow and myocardial salvage unless it reduced
MAP to < 83 mmHg.'? In our current study, 10 of our
23 pauents older than 70 yr of age given GTN preop-
eratlvely 2 glven 0.25, 6 given 0.5, and 2 given 0.75
ug - kg™' - min~"') became hypotensive (averaging a 30%
decrease in MAP to 66 = 13 mmHg), whereas only 3 of
16 younger patients (1 given 0.25 and 2 given 0.5
pug kg™ - min~') became hypotensive (24% decrease in
MAP to 68 = 8 mmHg). In our preoperative model, age
was a significant determinant of the effect of GTN on
SAP (table 3). Thus, if nonanesthetized elderly patients
are given the same dose of GTN as nonanesthetized
younger patients, the elderly are more likely to experience
hypotension and may be less likely to derive any thera-
peutic benefit. Therefore, we recommend anticipating a
lower GTN requirement initially in elderly patients to
permit safer titration.

Previous studies of the effects on the pharmacodynam-
ics of GTN in elderly patients provide conflicting results.
Gascho et al. found that nasal administration of 0.8 mg
GTN to 50 healthy subjects (aged 21-78 yr) produced
less venous distension in patients older than 60 yr than
in younger patients (11 * 5% vs. 16 £ 6% increase in
venous volume of the forearm).!® In contrast, Eicher et
al. found no age-related changes (patients aged 19-74 yr)
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in venous responsiveness of a dorsal hand vein to nitro-
glycerin.'* Marchionni et al. studied 24 patients (12 youn-
ger than 65 yr and 12 older than 75 yr) with acute myo-
cardial infarction and left ventricular failure.!® Hemo-
dynamic values before GTN administration were
comparable in the two groups, including pulmonary artery
wedge pressure greater than 25 mmHg. However, older
patients reached the hemodynamic end point (a 5-10%
decrease in MAP) at a significantly lower GTN infusion
rate (0.7 = 0.1 vs. 1.7 = 0.3 pg-kg™' - min~! in younger
patients; P < 0.01). Moreover, pulmonary artery wedge
pressure at this end point was almost twofold lower in
older patients (51 * 5% reduction vs. 29 £ 4%; P < 0.005).
Unlike in our study, Marchionni et al. evaluated only pa-
tients with left ventricular failure and did not explore the
potentially confounding effects of weight and gender on
the pharmacodynamics of GTN.'®

The net effect of GTN on SAP will depend on the
amount of active drug and/or metabolites reaching the
site of action, their effects at the site of action, and cir-
culatory reflexes in response to these effects. Unfortu-
nately, standard (table 5), semiparametric, and population-
based pharmacokinetic data analysis did not determine
whether our elderly patients had significantly different
arterial concentrations of GTN or its dinitrate metabolites
than younger patients'®'® because, like other investiga-
tors, we found large interpatient and intrapatient differ-
ences in plasma concentrations of these nitrates during
apparently steady state conditions.!%-?? Plasma nitrate
concentrations probably vary so dramatically because only
approximately 1% of the total nitroglycerin and its me-
tabolites is present in the plasma, with the balance being
tissue bound.!? Therefore, small changes in tissue binding
may produce large changes in plasma concentrations and
obscure efforts to characterize the pharmacokinetics of
the drug, including age-related effects. However, an age-
related difference in the effect of GTN at the active site
is likely, according to the results of Gascho et al., indicating
decreased venous distensibility in elderly patients.'® If this
difference applied to our patients, it must have been over-
shadowed by decreased circulatory compensation. Be-
cause left ventricular and arterial compliance are lower
in elderly patients than in younger patients, significant
reductions in cardiac output and SAP are likely to occur
in response to decreased venous return.®

Patient weight was a second significant determinant of
the preoperative SAP response to GTN, even though we
administered GTN on a per-kilogram basis. However, in-
travascular volume does not increase in direct proportion
to body weight. Administration of GTN based on body
surface area might have made it easier to examine the
influence of patient size on GTN response, but such dos-
ing rarely is used in acute care medicine.
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INTRAOPERATIVE STUDIES

The impact of anesthesia and surgery on the phar-
macodynamics of most vasoactive drugs is poorly defined.
Unfortunately, this remains the case for intravenous
GTN. Our results indicate no consistent relationship be-
tween the preoperative and intraoperative effects of GTN
on blood pressure. Why did this occur? Three possible
explanations are suggested by our data.

First, despite our efforts to maintain anesthetic and
surgical parameters as stable as possible (a high-dose nar-
cotic technique was not a clinically acceptable alternative),
we observed a twofold greater variability in systolic blood
pressure intraoperatively than preoperatively. Perhaps
this variability was of sufficient magnitude to obscure the
relationship (if any) between intraoperative blood pressure
response to GTN and other variables, such as age or the
preoperative blood pressure response. Another way of
viewing this explanation is to consider the possibility that
the major factors controlling intraoperative responsive-
ness to GTN (perhaps surgical stress, catecholamine levels,
cardiovascular reserves) are not part of our model and
therefore act as noise obscuring the small “‘signal” asso-
ciated with age or whatever persistent physiologic adap-
tation is measured by the preoperative GTN response.

A second explanation is that anesthesia may have al-
tered the reflex response to GTN. This explanation is
suggested by the fact that comparable decreases in SAP
occurred preoperatively and intraoperatively, but heart
rate increased significantly only before surgery. Isoflurane
depresses the baroreceptor reflex and therefore could
have been responsible for this finding.*® If this explanation
holds, then preoperative response does not predict intra-
operative response because the physiologic mechanisms
responsible for each are relatively distinct and, presum-
ably, poorly correlated.

Finally, like GTN, isoflurane dilates vascular smooth
muscle and, by this mechanism, may have obscured the
effects of GTN partially.

For whatever reason, the immediate preoperative effect
of GTN on blood pressure is an unreliable guide to its
effect during anesthesia and surgery. Therefore, preop-
erative testing of the blood pressure response to GTN is
of no practical value in determining intraoperative dose.

STUDY LIMITATIONS

Our study has some significant limitations. First, we
have not studied many elderly women; thus, we have not
fully defined the possible effects of gender. Second, our
mathematical expression for the effect of GTN on SAP
assumes a continuum of responses, when, in fact, some
patients have a significant decrease in SAP and others
none at all. Although the advantages of constructing such
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a mathematical model are numerous and include the op-
portunity to test for the independence of influencing
variables, our model has limited value in predicting the
SAP response in an individual patient. Third, because the
patients who had the greatest decrease in SAP with GTN
were studied for the shortest time (studies were discon-
tinued because of hypotension), our estimates of their ex-
pected dose response are less precise than our estimates
for the other patients. Fourth, we used only clinically in-
dicated monitors, and, therefore, did not place pulmonary
artery catheters in most of our patients. Thus, we have
not adequately defined the effects of GTN on cardiac
output or systemic vascular resistance.

Finally, the effect of GTN in our patients likely was
confounded by other drug therapy, such as previously
administered nitrates and §-blockers. Although nitrate
therapy was discontinued at least 8 h before the study
began (except in two patients in whom the last dose in-
advertently was administered 100 min before the study),
significant levels of metabolites may have been present.
Perhaps the 8 h of abstinence and/or the small number
of patients exposed to nitrates before study prevented us
from detecting any apparent tolerance to GTN. 8-Block-
ers were administered until the time of study, but in too
few patients to allow their effects to be discerned. Mor-
phine and diazepam were administered before the study
and may have altered the effects of GTN, but these drugs
were given in approximately equal doses to young and
old patients. It is interesting that some elderly patients
are more sensitive to the sedative effects of diazepam?®*
and analgesic effects of morphine®?; thus, it is theoretically
possible that part of the age-dependent effect of GTN on
blood pressure resulted from a more profound effect of
our premedications on elderly patients. However, we
found no evidence of greater sedation in our elderly pa-
tients. For instance, Paco,s immediately before the pre-
operative GTN infusion were virtually identical in the
two age groups (41.3 = 5.5 mmHg in patients older than
70 yr vs. 41.4 * 5.4 mmHg in patients younger than 70
yr), as were the SAP responses to the operating room
setting (22 + 29 mmHg vs. 22 + 24 mmHg increase in
SAP compared with the ward SAP). Thus, we doubt that
our elderly patients were significantly more sedated by
the premedication than our younger patients. Moreover,
morphine and diazepam are administered quite commonly
in acute care settings in which GTN is required.

We conclude the following: 1) in the absence of the
effects of anesthesia and surgery, elderly patients have a
more pronounced blood pressure response to intravenous
nitroglycerin than do younger patients; 2) variations in
arterial plasma concentrations of nitroglycerin and its
metabolites at steady state are too large to detect signif-
icant pharmacokinetic differences between elderly and
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young patients; and 3) the preoperative blood pressure
responsiveness to nitroglycerin is not a reliable predictor
of intraoperative responsiveness.
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Appendix 1: Assay of Plasma Nitroglycerin
and Dinitrate Metabolites

We used the technique described by Lee et al.,® with the fol-
lowing modifications.

CHEMICALS AND REAGENTS

We used GTN (Tridil®) from DuPont Pharmaceuticals, Inc.
(Wilmington, DE). Dinitrate metabolites were a gift from Dr.,
L. Z. Benet. The 2,6-dinitrotoluene was from Aldrich Chemicals
(Milwaukee, WI), and pentane, methyl-t-butyl ether, and butyl
acetate were from Burdick & Jackson (Muskegon, MI).

INSTRUMENTS

A Hewlett-Packard 5890A Gas Chromatograph with a ®*Nj
electron capture detector (Avondale, PA), ] & W on-column
injector (Folsom, CA), and Hewlett-Packard 3392A integrator
was used. The temperature of the gas chromatograph oven was
maintained at 92° C for 8 min, then programmed to 120° C at
a rate of 3° C/min, followed by a second step to 260° C at a
rate of 50° C/min, which was maintained for 5 min. The detector
make-up flow was nitrogen at 45 ml/min; the carrier was hy-
drogen at 15 ml/min; and the purge was 60 ml/min. We used
an HP-1 fused silica column (25 m X 0.32 mm ID and l-um
film thickness) from Hewlett-Packard.

SAMPLE PREPARATION

All plasma samples (1 ml) were spiked with the internal stan-
dard (0.5 ng 2-6,dinitrotoluene), extracted (5 min twice on a
mechanical rotor at 25 rotation/min) with 10 ml of pentane and
methyl t-butyl ether solvent (80:20, volume/volume), and then
centrifuged at 1500 X g for 10 min. The organic phase was
dried under nitrogen and resuspended in 50 ul butyl acetate.
Weinjected 0.1-1 ul of the samples into the gas chromatograph
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using an on-column gas-tight injector syringe with a 19-cm fused
silica needle. Spiked controls and calibration curve sets were
prepared with blank plasma (Super Plasma, Biological Specialty,
Chalfont, PA).

STANDARD CURVES

Known amounts of GTN and metabolites were prepared in
aqueous solutions and added to tubes with 1 ml of blank plasma
to yield standard samples (0.4, 4, and 12.5 ng/mi) and calibration
points (0, 0.1, 0.3, 0.5, 0.75, 1, 8, 5, 7.5, 10, and 15 ng/ml).
As described by Lee et al.,® we used a two-slope calibration curve
with a break point at 1 ng/ml. In the low concentration range
(0-1 ng/ml), the best fit was a linear curve. In the high concen-
tration range (1-15 ng/ml), the best fit was a polynomial of the
second order. The coefficient of variation for intraday and in-
terday variability in plasma level determinations for GTN ranged
from 2.3% to 5.6% and for its dinitrate metabolites from 1.9%
to 12.6%, with the use of controls at low (0.4 ng/ml), medium
(4 ng/ml), and high (12.5 ng/ml) concentration ranges.

Appendix 2: Mathematical Modeling

The population model we developed for the preoperative SAP
response to an infusion () of placebo or GTN assumes that the
kinetics can be described as linearly related to a monoexponential
accumulation of drug effect:

SAP = SAP; — 1 X m X (1 — ™

where SAP, is the mean SAP during the 2 min preceding the
start of the infusion, m is a proportionality constant linking / and
SAP, and k is the monoexponential rate constant. Both  and %
are assumed to vary among patients. An initial hypothesis that
assumed no correlation between m and k was evaluated by com-
paring a model fit with and without such correlation. Thereafter,
the effects of influencing variables on k and m were assessed by
stepwise addition of variables to the models, with evaluation of
the improvement in overall model fit after each step with the
asymptotic chi-square distribution of the log likelihood ratio as
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the criterion. The data analysis for patients receiving the constant
GTN infusion was conducted with and without the additional
data from the patients who received the stepwise increasing in-
fusion to determine whether the additional data altered the re-
sults.

The same basic model was used to analyze the intraoperative
data, except that the covariance (if any) between preoperative
and intraoperative individual values of m and k also is modeled:

SAPi_lk = SAPOU ke I‘J X my; X (1 — e—ku x "Jk) + Eijk

where SAPyy is the SAP observed in patient i, in trial j (j = 1
for preoperative, and j = 2 for intraoperative), at time tjy; SAPg;
is the baseline (immediately before the infusion) SAP for patient
i in trial j; I; is the infusion rate; my; is the corresponding slope
of the *‘dose’” response curve (a parameter estimated by the
model); k; is the rate constant (a parameter also estimated by
the model); and ¢ are independent random errors, with zero
mean and variance s?. Two of the parameters are further mod-
eled:

my = my+ Nieg -1y + 1
kj = kj + miyg

where 7 indicates random interindividual differences. #;, is the
difference between S;; and S, (i.e., the difference between the
slope of the dose response curve for the i individual in the
preoperative trial [s;] and the preoperative population mean
slope [S;]). Likewise, #; ¢ is the individual difference for the pre-
operative rate constant. The individual vectors 5 = (m;,1,. . .Y
are independent, but the elements of each may be correlated.
If Q@ = {w),} denotes the covariance matrix of 7, then w;; (wss)
is the interindividual variance of the preoperative (intraoperative)
slopes, wgg (w44) is the interindividual variance of preoperative
(intraoperative) rate constants, and w;p = wy; (ws4 = wys) is the
covariance between the preoperative (intraoperative) slope and
rate constant. The elements w3 and w4 express the covariance
between the preoperative and intraoperative slope and rate con-
stant, respectively, within the same patient. If the corresponding
correlations are large, the preoperative response of a patient is
likely to predict the intraoperative response.
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