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Dogma Disputed: Can Aggressively Lowering Blood Pressure in
Hypertensive Patients with Coronary Artery Disease Be Dangerous?
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Background: Because coronary perfusion occurs mainly during di-
astole, patients with coronary artery disease (CAD) could be at
increased risk for coronary events if diastolic pressure falls below
critical levels.

Objective: To determine whether low blood pressure could be
associated with excess mortality and morbidity in this population.

Design: A secondary analysis of data from the International Vera-
pamil-Trandolapril Study (INVEST), which was conducted from Sep-
tember 1997 to February 2003.

Setting: 862 sites in 14 countries.
Patients: 22 576 patients with hypertension and CAD.

Interventions: Patients from INVEST were randomly assigned to a
verapamil sustained-release— or atenolol-based strategy; blood pres-
sure control and outcomes were equivalent.

Measurements: An unadjusted quadratic proportional hazards
model was used to evaluate the relationship between average
on-treatment blood pressure and risk for the primary outcome
(all-cause death, nonfatal stroke, and nonfatal myocardial infarction
[MI]), all-cause death, total MI, and total stroke. A second model
adjusted for differences in baseline covariates.

Results: The relationship between blood pressure and the primary
outcome, all-cause death, and total MI was J-shaped, particularly
for diastolic pressure, with a nadir at 119/84 mm Hg. After adjust-
ment, the J-shaped relationship persisted between diastolic pressure
and primary outcome. The MI-stroke ratio remained constant over
a wide blood pressure range, but at a lower diastolic blood pres-
sure, there were substantially more Mls than strokes. An interaction
between decreased diastolic pressure and history of revasculariza-
tion was observed; low diastolic pressure was associated with a
relatively lower risk for the primary outcome in patients with re-
vascularization than in those without revascularization.

Limitations: This is a post hoc analysis of hypertensive patients
with CAD.

Conclusions: The risk for the primary outcome, all-cause death,
and MI, but not stroke, progressively increased with low diastolic
blood pressure. Excessive reduction in diastolic pressure should be
avoided in patients with CAD who are being treated for hyperten-
sion.
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or 2 decades, the hypertension literature has been

haunted by the phenomenon of a “paradoxical” in-
crease in morbidity and mortality with an excessive de-
crease in blood pressure (J-curve). Indeed, several reports
have shown that low diastolic pressure is associated with an
increased risk for coronary heart disease and related mor-
tality in older adults and in patients taking antihyperten-
sive medications (1-13). After doing a review and meta-
analysis of pertinent studies, Farnett and colleagues (14)
concluded that although there was no consistent J-shaped
relationship between stroke and systolic or diastolic pres-
sure, there was a consistent J-shaped relationship for car-
diac events and diastolic pressure. These authors stated that
this dichotomy in the relationship between diastolic pres-
sure and target organ disease may “leave a clinician with
the uncomfortable choice of whether to prevent stroke or
renal disease at the expense of coronary heart disease.”
These findings were at variance with the generally accepted
dogma formulated by the sixth report of the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC VI) (15), which
stated that the relationship between pressure and risk was
“strong, continuous, independent, predictive and etiologi-
cally significant.” Within the past decade, the phenomenon
of a J-curve has been studied in several large trials of nor-
motensive and hypertensive patients (16-30).
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Not surprisingly, arguments regarding whether a J-
curve could be clinically significant have become somewhat
contentious. That is, some rely on evidence that on-treat-
ment diastolic pressure below 70 mm Hg does not increase
risk for cardiovascular disease and thus deny an impair-
ment of vital organ perfusion within the usual values
achievable by antihypertensive treatment. Others, however,
consider the J-curve a more real possibility, particularly for
the heart. In contrast to other organs, the heart is perfused
mostly during diastole and thus could be more vulnerable
to diastolic pressure reduction. If a J-curve did exist, it
should be most evident in patients with limited coronary
perfusion, in other words, in those with manifest coronary
artery disease (CAD). Optimal blood pressure in patients
with hypertension and CAD remains controversial because
few randomized clinical trials have been done in this pop-
ulation (31, 32). The International Verapamil-Trandola-
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pril Study (INVEST) (33), a randomized trial, evaluated
more than 22 000 patients with CAD and hypertension.
This patient profile, together with unprecedented levels of
blood pressure control, provided a unique opportunity to
critically investigate the hypothesis that the risk for CAD
would increase with an excessive decrease in diastolic pres-
sure.

METHODS
Study Design and Intervention

The INVEST design, methods, and principal results
have been previously published (33). The trial used an
open design with blinded end point assessment. In brief,
clinically stable patients with CAD and hypertension were
randomly assigned to a verapamil sustained-release—based
or atenolol-based strategy. Patients with previous myocar-
dial infarction (MI) within 3 months of enrollment or class
IV or V congestive heart failure were excluded. Blood pres-
sure goals were based on JNC VI (systolic pressure <140
mm Hg and diastolic pressure <90 mm Hg or systolic
pressure <130 mm Hg and diastolic pressure <85 mm Hg
in patients with diabetes or renal impairment) (15). The
addition of trandolapril or hydrochlorothiazide was recom-
mended when necessary to achieve blood pressure goals.
Trandolapril was also recommended for patients with heart
failure, diabetes, or renal impairment.

Documented CAD was defined as any of the follow-
ing: remote (=3 months before enrollment) confirmed
MI, coronary angiography showing more than 50% nar-
rowing of at least 1 major coronary artery, diagnosis of
classic angina pectoris, or concordant abnormalities on 2
different signals (electrocardiography, echocardiography, or
radionuclide scans) from stress test findings concordant for
ischemia (for example, ST-segment depression or perfusion
defects on radionuclide scanning or wall-motion abnormal-
ities on echocardiography or radionuclide scanning).

Patient Monitoring and Follow-up

Protocol visits were scheduled every 6 weeks for the
first 6 months and then biannually until 2 years after the
last patient was enrolled. Patients were assessed for re-
sponse to treatment, symptoms, treatment adherence, and
adverse effects at each visit and at the end of the study as
detailed elsewhere (33). Patient follow-up was complete
when we received a final assessment form through the on-
line data system or a death report. The Internet-based elec-
tronic data collection method used in INVEST did not
accept the entry until all required fields were complete.

Blood pressure was measured by using a standard mer-
cury sphygmomanometer with an appropriately sized cuff
applied to the upper nondominant arm at heart level. By
auscultation at the brachial artery, systolic pressure was
recorded at the first Korotkoff sound and diastolic pressure
was recorded at the disappearance of the fifth Korotkoff
sound. Blood pressure was measured twice, at least 2 min-
utes apart, and the measurements were averaged.
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Context

Experts debate the consequences of “excessive” lowering
of diastolic pressure in patients with hypertension and cor-
onary artery disease.

Contribution

This report is a secondary analysis of data from a large
trial of 2 antihypertensive drug regimens in patients with
known coronary artery disease. The authors found a J-
shaped relationship between diastolic blood pressure and
all-cause death and myocardial infarction, with the in-
creased risk occurring at diastolic blood pressures below
70 to 80 mm Hg, that is, the lower the diastolic pressure,
the higher the risk.

Cautions

The study examined associations between blood pressure
and outcomes; it could not prove that the antihypertensive
therapy that lowered diastolic pressure “too much” caused
the adverse outcomes.

—The Editors

Study Outcomes

The primary outcome was the first occurrence of all-
cause death, nonfatal Ml, or nonfatal stroke by intention-
to-treat analysis. The M1 and stroke definitions are detailed
elsewhere (34). These 3 components individually were the
main secondary outcomes. For this analysis, additional
outcomes included fatal and nonfatal MI, fatal and nonfa-
tal stroke, and average on-treatment blood pressure before
outcome or censoring. Ascertainment and blinded adjudi-
cation of outcomes were described previously (32). Fol-
low-up data were available for 22 008 (97.5%) patients.

Statistical Analysis

The main conclusions of INVEST were that the 2
treatment strategies were equivalent with respect to the
primary outcome, main secondary outcomes, and on-treat-
ment systolic and diastolic pressures. Thus, data for all
enrolled patients were combined and included in these
analyses following the intention-to-treat principle. A P
value of 0.05 or less was considered statistically significant.
Patients without a primary outcome event were censored at
their latest follow-up visit. Average follow-up systolic and
diastolic pressures were calculated for each patient by using
all post-baseline results, up to the date of primary outcome
or censoring. The baseline value was substituted for pa-
tients with no post-baseline data (» = 1154).

In this exploratory analysis, the proportions of patients
were pooled by 10-mm Hg strata of average follow-up
systolic pressure, and the distribution of primary outcome
event rate was evaluated to determine whether the relation-
ship was linear. A similar presentation was prepared for
diastolic pressure. Because the frequency distributions
seemed consistent with a quadratic curve, a quadratic Cox
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Table. Demographic and Baseline Characteristics by Systolic Blood Pressure and Diastolic Blood Pressure Categories

Variable Mean Systolic Blood Pressure Category
=110 >110-=120 >120-=130 >130-=140 >140-=150 =150-=160 >160
mm Hg mm Hg mm Hg mm Hg mm Hg mm Hg mm Hg
(n = 234) (n = 1709) (n = 6859) (n = 7216) (n = 3737) (n = 1663) (n = 1157)
Mean age (SD), y 65.6 (10.5) 64.4 (9.7) 65.0 (9.6) 66.2 (9.6) 67.4 (9.6) 67.6 (10.0) 67.7 (10.2)
Mean body mass index 27.6 (5.7) 28.3(10.7) 28.7 (5.3) 29.4 (8.2) 29.7 (6.4) 29.7 (6.0) 29.6 (6.3)
(SD), kg/m?
Women, % 43.6 46.5 50.4 52.1 54.3 57.7 57.6
White, % 51.3 42.9 42.3 51.0 54.4 52.4 50.8
Myocardial infarction, % 47.9 37.9 31.1 30.1 32.8 325 33.5
Coronary artery bypass graft 329 26.1 243 27.9 31.0 29.2 28.0
or angioplasty, %
Stroke or transient ischemic 8.5 7.2 6.2 7.1 7.5 8.5 10.6
attack, %
Left ventricular hypertrophy, %* 28.6 27.2 221 19.8 20.6 24.4 25.6
Class I-lII heart failure, % 15.0 9.1 5.3 4.4 5.1 6.7 71
Diabetes, %t 222 26.7 26.9 271 29.9 345 343
Cancer, % 6.8 3.1 2.8 3.2 4.1 4.0 3.7

* Based on patient history.
T History of diabetes or use of insulin or oral hypoglycemic medication.

proportional hazards model was formed for the time to
primary outcome for each blood pressure variable, with
factors for blood pressure and blood pressure squared. Sim-
ilarly, the relationship between each 10—-mm Hg stratum
of average systolic pressure and diastolic pressure and all-
cause death, fatal and nonfatal MI, and fatal and nonfatal
stroke was evaluated. For the time to primary outcome, a
second model was fitted, adjusting for the following base-
line covariates: age (10-year increments), sex, race and eth-
nicity (white, Asian, black, Hispanic, multiracial, or other),
previous MI, heart failure (classes I to Ill), body mass
index in increments of 5 kg/m?, U.S. residency, renal im-
pairment, peripheral vascular disease, left ventricular hy-
pertrophy, smoking history, coronary revascularization,
dyslipidemia, stroke or transient ischemic attack, angina
pectoris, arrhythmia, diabetes, cancer, aspirin use, and av-
erage systolic pressure or diastolic pressure and systolic
pressure squared or diastolic pressure squared.

To identify clinically relevant interactions between the
J-shaped curve and baseline diastolic pressure, demo-
graphic characteristics, and comorbid conditions for the
primary outcome, a 2-step procedure was used. First, base-
line covariates were tested individually by adding the vari-
able and 2 interaction terms (variable X diastolic pressure
and variable X [diastolic pressure squared]) to the Cox
proportional hazards model. Variables included were age
older than 70 years, sex, previous MI, heart failure (classes
I to 111), previous stroke or transient ischemic attack, dia-
betes, cancer, renal impairment, hypercholesterolemia, pe-
ripheral vascular disease, smoking history, U.S. residency,
body mass index greater than 29 kg/m? (mean baseline
body mass index), and diastolic pressure greater than 86
mm Hg (mean baseline diastolic pressure). The change in
log likelihood was used to assess the significance of simul-
taneously adding the 2 interaction terms. The second step
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in identifying clinically relevant interactions between the
J-shaped curve and baseline covariates was to plot the haz-
ard ratios for the primary outcome versus diastolic pressure
in the presence or absence of the statistically significant
interacting baseline factor. For these plots, the original
model with factors for diastolic pressure and diastolic pres-
sure squared was formed for 2 separate subgroups, for pa-
tients with and those without the variable of interest. Be-
cause the target diastolic pressure for most patients during
the study was less than 90 mm Hg, estimated hazard ratios
were calculated with reference to 90 mm Hg to standardize
the results from the 2 models.

Role of the Funding Source

Investigators at the University of Florida conceived
and designed INVEST before seeking sponsorship. BASF
Pharma/Knoll AG, later Abbott, sponsored the trial but
played no part in study conduct or data collection; the
database was maintained and completed at the University
of Florida. Dr. Messerli and coauthors had full access to
the data, and this manuscript represents their interpreta-
tion of a secondary analysis.

REsuLTS

The Table shows demographic data and baseline char-
acteristics of patients by systolic pressure and diastolic pres-
sure categories. Patients with low systolic pressure tended
to be leaner and male and had a higher incidence of M,
cancer, and heart failure than did those with high systolic
pressure. Patients with low diastolic pressure tended to be
older, leaner, female, and white and had a higher incidence
of MI, cancer, heart failure, and diabetes compared with
those with high diastolic pressure.

After follow-up of 61 835 patient-years (median, 2.7
years/patient), 2269 patients had a primary outcome event

www.annals.org
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Table—Continued

Mean Diastolic Blood Pressure Category
=60 >60-=<70 >70-=80 >80-=90 >90-=100 =100-=110 >110
mm Hg mm Hg mm Hg mm Hg mm Hg mm Hg mm Hg
(n = 176) (n = 2239) (n = 11 306) (n = 7376) (n = 1230) (n = 202) (n = 46)
73.7 (8.9) 71.1(9.3) 67.0 (9.6) 63.8 (9.2) 61.6 (9.1) 60.8 (9.0) 57.9(7.1)
28.6 (6.4) 28.0 (5.3) 28.8(8.2) 29.9 (5.8) 30.6 (6.3) 30.9 (6.3) 30.9 (6.4)
56.8 485 53.1 52.2 49.0 585 413
71.6 67.8 48.2 44.0 40.7 34.2 283
47.2 41.0 32.0 29.0 30.9 33.7 26.1
47.7 43.6 27.6 231 19.7 15.8 4.3
11.9 9.6 73 6.3 6.5 9.4 8.7
22.7 213 21.4 22.0 25.0 29.7 37.0
21.6 95 53 4.3 5.9 7.9 2.2
443 36.6 285 259 252 26.2 17.4
10.8 6.9 3.4 2.4 1.9 15 2.2

(10.1%) (33). During the study, patients receiving the ve-
rapamil sustained-release—based and atenolol-based strate-
gies had similar blood pressure and cardiovascular out-
comes (33). The frequency of the primary outcome was
related to systolic pressure and diastolic pressure in a J-
shaped pattern (Figure 1). Similar J-curves were observed
for both treatment strategies (data not shown). The pattern
of the J-curve differed between systolic pressure and dia-
stolic pressure and the primary outcome in that the J-curve
was relatively shallow for systolic pressure. Lower diastolic
pressure led to almost doubled and tripled risk for the
primary outcome in the diastolic pressure strata of greater
than 60 mm Hg to 70 mm Hg or less (17.4%) and 60 mm
Hg or less (31.8%), respectively (Figure 1). Those with
diastolic pressure of 70 mm Hg or less made up only
10.7% (2415 of 22 576) of patients but accounted for
19.6% (445 of 2268) of primary outcome events (Figure
1). The increased risk for the primary outcome in patients
with a diastolic pressure of 70 mm Hg or less could not be
attributed solely to increasing systolic pressure levels be-
cause the mean systolic pressure in patients who experi-
enced this outcome decreased with a decrease in diastolic
blood pressure, although not proportionally (Figure 1).

The hazard ratios from the unadjusted Cox propor-
tional hazards model for the primary outcome showed a
blood pressure nadir at 119/84 mm Hg. The optimal range
of hazard ratios for systolic pressure and the primary out-
come was much shallower for systolic pressure than for
diastolic pressure and thus extended to a relatively low
systolic pressure (Figure 2, 0p).

In the adjusted models for time to primary outcome,
the J-curve remains with a blood pressure nadir estimated
at 129/74 mm Hg (Figure 2, middle); however, there is a
more shallow relationship between the decrease in diastolic
blood pressure and primary outcome than in the unad-
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justed models. For both adjusted models, the baseline co-
variate with the highest individual hazard ratio estimate
was heart failure (1.92 in the systolic pressure model and
1.94 in the diastolic pressure model), indicating an almost
doubled risk for the primary outcome after adjusting for
blood pressure. However, the interactions of baseline heart
failure with systolic pressure and systolic pressure squared
were not statistically significant when added to this model.
A similar observation was made for the diastolic pressure
model. The bottom panel of Figure 2 shows the relative
risk for reduced or increased blood pressure adjusted for
differences in baseline heart failure, with a nadir estimated
at 116/83 mm Hg. For diastolic pressure, adjusting for
baseline heart failure alone slightly reduced the relative
level of risk but did not change the shape of the curve
compared with the unadjusted analysis.

A J-shaped relationship with diastolic pressure was also
observed for death from all causes (the outcome that ac-
counted for the highest proportion of events in the primary
outcome; data not shown); for M1 (fatal and nonfatal); and
to a much lesser extent for stroke (fatal and nonfatal) (Fig-
ure 3). The incidence ratio between MI and stroke re-
mained remarkably constant over a wide range of blood
pressure strata. However, this ratio increased with a pro-
gressive decrease in diastolic blood pressure (Figure 3). The
preponderance of MI over stroke with progressively de-
creasing diastolic blood pressure suggests that the compro-
mised coronary perfusion resulting from low diastolic
blood pressure could be a factor.

Interactions between diastolic pressure and the pri-
mary outcome were statistically significant only for U.S.
residency, hypercholesterolemia, previous revascularization,
and diabetes. Sex (2 = 0.050) and smoking history (P =
0.080) were borderline significant (P << 0.1). Analysis of
hazard ratios for the primary outcome versus diastolic
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Figure 1. Incidence of the primary outcome (first occurrence of all-cause death, nonfatal myocardial infarction, or nonfatal stroke)

by systolic blood pressure and diastolic blood pressure strata.
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blood pressure plots indicated that with the exception of
coronary revascularization, all statistically significant inter-
actions occurred with increasing levels of diastolic pressure
only (Figure 4). Thus, the absence of U.S. residency and
the presence of hypercholesterolemia or diabetes were as-
sociated with a relatively higher risk for the primary out-
come with increasing diastolic pressure. In contrast, revas-
cularization interacted with the relationship between
diastolic pressure and risk for the primary outcome only as
diastolic pressure decreased, suggesting that patients who
had revascularization before enrollment tolerated lower di-
astolic pressure relatively better than those who did not
have revascularization.

The treatment strategy showed no interaction with di-
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astolic pressure. The J-curves of patients in the verapamil
group were not different from those of patients in the
atenolol group.

Discussion

Three pathophysiologic mechanisms have been pro-
posed to explain the existence of a J-curve: 1) Low diastolic
pressure could compromise blood flow to target organs,
impairing coronary perfusion and causing cardiac ischemia;
2) low diastolic pressure could result from an increase in
pulse pressure, reflecting stiffness of large arteries and rep-
resenting a marker for advanced vascular disease; and 3)
low diastolic pressure could be an epiphenomenon related

www.annals.org
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Figure 2. Unadjusted and adjusted hazard ratios for the primary outcome by systolic blood pressure and diastolic blood pressure
strata.
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Figure 3. Incidence of total myocardial infarction (MI) and total stroke by diastolic blood pressure strata.

359

30

25+

204

15

104

Incidence of MI or Stroke, %

O M1 O Stroke

o [l [

(e M [

Mi
Patients with MI, n 23
Total patients, n 177
Mean systolic blood pressure, mm Hg
Patients with MI 127.0
Patients without MI 126.2
Stroke
Patients with stroke, n 4
Total patients, n 175
Mean systolic blood pressure, mm Hg
Patients with stroke 112.2
Patients without stroke 126.7

0 T
60

T T
>70 to

80

>60 to
70

>80 to
90

Diastolic Blood Pressure, mm Hg

>90 to >100 to >110
100 110

135 387 255 71 14 8
2239 11324 7378 1214 201 43
131.9 1352 143.8 1583 1669 1914
129.6 1314 1393 155.2 170.3 185.7

50 151 116 44 5 6
2253 11320 7366 1217 199 45
132.7 136.3 143.8 1611 1711 177.9
129.6 1315 1393 155.2 169.9 187.9

Error bars represent 95% Cls.

to underlying chronic illness, thereby increasing morbidity
and mortality (reverse causality). The 22 576—patient
INVEST (33) provides a unique opportunity to analyze
the relationship between blood pressure and outcome and
the underlying mechanisms of the J-curve. All patients in
INVEST had established CAD and hypertension; blood
pressure control was unprecedented in INVEST (com-
pared with the Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial [ALLHAT] [35];
for instance, in INVEST, 18% more patients achieved sys-
tolic pressure goals as defined by JNC VI); both therapeu-
tic strategies in INVEST are coronary-protective (36—41);
and the INVEST therapeutic strategies had equivalent ad-
verse outcomes while providing the same blood pressure
control.

We observed a J-shaped relationship between systolic
pressure and diastolic pressure and the primary outcome
(all-cause death, nonfatal MI, or nonfatal stroke). Clearly,
the diastolic J-curve was much more pronounced than the
systolic J-curve. A similar J-shaped relationship was ob-
served between diastolic pressure and all-cause death, the
outcome that accounted for the highest proportion of
events in patients with the primary outcome. Conceivably,
the 2 J-type relationships between primary outcome and
systolic pressure and diastolic pressure, respectively, could
be explained to some extent by any of the 3 pathophysio-
logic mechanisms mentioned earlier, singly or in combina-
tion. Thus, our observation of a J-curve in patients with
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CAD receiving treatment for hypertension does not estab-
lish a causal relationship, nor does it allow the conclusion
that an inappropriate decrease in diastolic pressure with
antihypertensive therapy causes the excessive morbidity
and mortality. However, these findings emphasize that hy-
pertensive patients with CAD and a lower diastolic pres-
sure are at increased risk. Because perfusion occurs mostly
during diastole, physiologic features of myocardial perfu-
sion are unique and therefore are directly related to dia-
stolic pressure. Consequently, an inappropriately low dia-
stolic pressure beyond a certain critical level could
compromise myocardial perfusion. Owens and O’Brien
(42), monitoring patients with electrocardiography and
ambulatory blood pressure devices over a period of 24
hours, showed that in 13 of 14 instances, ischemic events
were related to diastolic rather than systolic hypotension.
They concluded that symptomatic and silent ischemia oc-
curred in a temporally causal relationship with diastolic
hypotension.

As in the Framingham cohort (43), pulse pressure was
a powerful determinant of the risk for primary outcome in
INVEST (44). Furthermore, when pulse pressure was
added to the diastolic pressure model in an exploratory
analysis, pulse pressure and diastolic blood pressure were
statistically significantly associated with the primary out-
come (44). In contrast to the Framingham cohort, systolic
pressure decreased in parallel with the decrease in diastolic
pressure in INVEST, although this decrease was not pro-
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portional. This, together with an increased preponderance
of MI over stroke in patients with a diastolic pressure be-
low 70 mm Hg, argues against pulse pressure being the sole
cause of increased CAD in those with low diastolic pres-
sure. The blood pressure nadir associated with the lowest
risk for the primary outcome was 119/84 mm Hg, which is
remarkably close to the nadir of 138.5/82.6 mm Hg for
diastolic pressure observed in the Hypertension Optimal
Treatment (HOT) trial (45).

These findings indicate that in this sample of patients
with CAD, diastolic pressure below 70 to 80 mm Hg could
potentially be harmful. Similarly, the National Health and
Nutrition Examination Survey (NHANES) showed a J-
curve between diastolic pressure and cardiovascular mortal-
ity in patients older than 55 years, even after correcting for
regression dilution bias and removing confounders, such as
patients with serious illnesses (46). A very robust J-shaped
relationship was also documented in the Irbesartan Dia-
betic Nephropathy Trial (IDNT); for every decrease of 10
mm Hg in diastolic pressure, the relative risk for Ml in-
creased by 61% (47).

Absence of U.S. residency and presence of hypercho-
lesterolemia or diabetes were associated with a higher risk
for the primary outcome in groups with diastolic pressure
above 90 mm Hg. In contrast, revascularization interacted

with diastolic pressure and the risk for the primary out-
come only with a lower blood pressure. Hence, patients
who were not U.S. residents or those with a history of
hypercholesterolemia or diabetes are at relatively higher
risk for the primary outcome with increasing diastolic pres-
sure, whereas patients who had coronary revascularization
seem to tolerate lower diastolic pressure relatively better
than those without coronary revascularization. The inter-
action of coronary revascularization with diastolic pressure
supports the hypothesis that myocardial perfusion may be
compromised at low diastolic pressures, but less so in pa-
tients who have previously had revascularization.

It may seem reassuring that our analysis of the data
from INVEST suggests that the critical range of systolic
and diastolic pressures was relatively low. However, both
drug strategies in INVEST have been shown to protect the
heart, perhaps because they reduce heart rate; prolong di-
astole; and, at least for verapamil, may have a direct arte-
riolar dilatory and anticoronary spasm effect that maintains
coronary blood flow (36—-40). Antihypertensive medica-
tions without these features, particularly drugs that increase
heart rate, have the potential to compromise myocardial
perfusion at higher diastolic pressures than did verapamil
and atenolol in INVEST.

Our findings are limited to hypertensive patients with

Figure 4. Analysis of clinically significant interactions of baseline covariates and diastolic blood pressure for the primary outcome.
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CAD who were treated with either verapamil sustained-
release—based or atenolol-based strategies. The assessment
of the effects of blood pressure on outcomes in these pa-
tients with CAD was a secondary analysis in INVEST.
This exploratory analysis assumes a quadratic relationship
between blood pressure values and outcome.

Our analysis showed that in hypertensive patients with
CAD who were treated with sustained-release verapamil or
atenolol to lower blood pressure, increased risk for all-cause
death and MI was associated with diastolic pressure below
70 to 80 mm Hg. Although elevated systolic pressure, one
of the most powerful risk factors for stroke and MI, re-
mains undertreated in many patients, our data suggest cau-
tion with excessive lowering of diastolic pressure in hyper-
tensive patients with CAD. These findings lend credence
to the cautious statement of INC 7 (48) (as opposed to the
statement of JNC VI [15]) that “patients with occlusive
CAD are put at risk of coronary events if diastolic blood
pressure is low.”
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