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Background: The presence and magnitude of left ventricular outflow tract (LVOT) obstruction directs the

management algorithm in symptomatic patients with hypertrophic cardiomyopathy (HCM). Although it is well

known that the degree of LVOT obstruction is dynamic and dependent upon ventricular load and contractility,

themagnitude andpotential impact of theday-to-day variability seen in practice has not beenwell appreciated.

Hypotheses:Wehypothesized that LVOT gradient variability in HCMhas an impact on clinical decision-making.

Methods: A total of 100 HCM patients (mean age, 58 ± 13 years; 47% male) underwent comprehensive

2-dimensional Doppler transthoracic echocardiography and cardiac catheterization with transseptal

measurement of left-sided pressures. All studies were performed within 48 hours of one another.

Results: The correlation of LVOT gradients from both methods performed at different times had a wide scatter

with the 95% confidence limits of agreement being ±84 mm Hg. For classifying patients as having severe

LVOT obstruction on the basis of either method (<30 vs ≥30 mm Hg), discrepant results occurred in 21% of

patients. To confirm the accuracy of Doppler measurements, 15 studies were performed with simultaneous

measurement of LVOT gradient, which revealed a very strong correlation (r = 0.98, p < 0.0001) with 95%

confidence limits of agreement ±12 mm Hg.

Conclusions: In patients with HCM, LVOT gradient measurements are routinely obtained to characterize the

severity of obstruction. However, these data demonstrate the marked variability of the LVOT obstruction,

which must be considered when determining appropriate therapy in symptomatic patients.

Introduction

Hypertrophic cardiomyopathy (HCM) is a disease state
characterized by disproportionate hypertrophy of the
myocardium with left ventricular outflow tract (LVOT)
obstruction present in the majority of patients.1–4 Char-
acterization of the severity of LVOT obstruction is clinically
relevant because it is a major cause of symptoms and a
predictor of prognosis.5–13 In the management algorithm
of HCM patients, the presence of severe LVOT obstruction
leads to consideration of surgical or percutaneous septal
reduction therapy in those with drug-refractory symptoms.10

Left ventricular outflow tract obstruction in HCM is
greatly dependent upon ventricular load and the contrac-
tile state, and thus its severity is potentially highly variable.4

However the magnitude of the variability of the obstruction
has not been well appreciated by many clinicians. Accord-
ingly, the objective of this study was to examine the clinical
variability of the LVOT gradient in patients with HCM.

Methods

Study Population

This study was approved by the Mayo Foundation insti-
tutional review board. Between January 2000 and June
2007, 1656 patients with HCM were evaluated at the
Mayo Clinic in Rochester, MN. Patients with HCM were
enrolled in this study with the following criteria: (1) normal

sinus rhythm; (2) technically adequate Doppler echocardio-
graphic assessment of LVOT obstruction; (3) absence of
aortic valvular disease; (4) cardiac catheterization for LVOT
gradient assessment within 48 hours of Doppler echocar-
diography; (5) transseptal catheterization to avoid catheter
entrapment;14 and (6) informed consent. Of the 100 patients
enrolled, reasons for cardiac catheterization were percu-
taneous septal alcohol ablation in 60 patients and further
characterization of the LVOT gradient in the remaining 40
patients. The diagnosis of HCM was based on the pres-
ence of myocardial hypertrophy in the absence of local or
systemic etiologies.15,16 All patients provided informed con-
sent for review of their medical record in accordance with
Minnesota law.

Echocardiography

Each of the 100 patients underwent comprehensive 2-
dimensional and Doppler transthoracic echocardiography.
Measurement of the resting LVOT gradient was performed
by continuous-wave Doppler interrogation of the LVOT
from an apical window and calculated using the modified
Bernoulli equation (ie, gradient = 4v2 where v = peak
LVOT velocity). A total of 15 patients underwent Doppler
studies simultaneously with cardiac catheterization and
nonsimultaneously within 48 hours of catheterization. All
Doppler signals were recorded with sweep speed of
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Clinical Investigations continued

100 mm/s, and all data were averaged from 3 to 5 end-
expiratory cycles (Figure 1).

Invasive Hemodynamic Study

All invasive studies were performed in a fasting state with
conscious sedation. Cardioactive medications were contin-
ued the day of the procedure. Femoral venous access was
used to gain access to the right heart and left heart pressure
measurements were performed via transseptal puncture
using 7 or 8 French catheters. Left ventricular pressure
measurements were taken in conjunction with cineangiogra-
phy to avoid catheter entrapment and associated erroneous
pressure readings (Figure 1).17 Central aortic pressure
was obtained from retrograde femoral artery access with
6 or 7 French catheters. High-fidelity, micromanometer-tip
catheters (Millar Instruments, Houston, TX) were utilized
in 55 patients as previously described.18 Invasive data was
acquired prior to septal alcohol ablation or administration of
cardiotropic medications. All measurements were recorded
from end-expiratory cycles. Left ventricular outflow tract
gradient at cardiac catheterization was calculated as peak
left ventricular systolic pressure minus the peak central
aortic pressure.

Simultaneous Echocardiography and Cardiac Catheterization

A total of 15 patients underwent prospective, simultaneous
Doppler echocardiography and cardiac catheterization mea-
surements of LVOT gradient. Same beat analysis of both
Doppler and catheterization hemodynamics was performed
(Figure 2).

Data Analysis

Severe LVOT obstruction was defined as a resting LVOT gra-
dient of ≥30 mm Hg.10 Continuous variables are expressed
as mean ± SD. Correlation of continuous variables was
examined with simple linear regression analysis. Paired
2-sample Student t tests were utilized as appropriate. Bland-
Altman analyses with 95% confidence limits of agreement
were used to compare LVOT gradients obtained using
echocardiography and cardiac catheterization.19 Statistical
significance was set a priori at p < 0.05.

Results

Baseline Characteristics

Clinical characteristics of the study population are listed in
Table 1. The mean age of the population was 58 ± 13 years.
The majority of patients (n = 82, 82%) had moderately-
severe or severe dyspnea (New York Heart Association
class III or IV). Moderate or severe mitral regurgitation was
present in 20 patients. A total of 23 patients had either a
history of atrial fibrillation (n = 15) or permanent pacing
(n = 14), but were in normal sinus rhythm during the
hemodynamic studies.

Table 1. Baseline Characteristics

Variable Value

Age (y) 58 ± 13

Male gender, no. (%) 47 (47)

NYHA class III or IV, no. (%) 82 (82)

Prior septal myectomy, no. (%) 2 (2)

Presyncope or syncope, no. (%) 51 (51)

History of atrial fibrillation, no. (%) 15 (15)

History of diabetes, no. (%) 13 (13)

Family history of HCM, no. (%) 20 (20)

Family history of SCD, no. (%) 11 (11)

Mitral regurgitation, moderate or severe, no. (%) 20 (20)

Maximum ventricular wall thickness (mm) 20.0 ± 5.6

End-diastolic diameter (mm) 45.7 ± 5.9

Left atrial volume index (cc/m2) 47 ± 17

Left ventricular ejection fraction (%) 72 ± 6

Permanent pacemaker, no. (%) 14 (14)

Internal cardioverter-defibrillator, no. (%) 7 (7)

Medications, no. (%)

β-Receptor antagonist 88 (88)

Calcium channel blocker 52 (52)

ACE-inhibitor or ARB 24 (24)

Disopyramide 10 (10)

Amiodarone 6 (6)

Time between echo and cath (d) 1.0 ± 0.9

Continuous variables expressed as mean±SD. Abbreviations: ACE,

angiotensin-converting enzyme; ARB, angiotensin receptor blocker;

HCM, hypertrophic cardiomyopathy; NYHA, NewYorkHeart Association;

SCD, sudden cardiac death; SD, standard deviation.

Mean time to catheterization was 1.0 ± 0.9 days with all
catheterizations performed within 2 days of echocardiogra-
phy. There were no significant differences in blood pressure
at the time of echocardiography and at the time of invasive
cardiac catheterization (Table 2).

LVOT Gradient Comparison

The resting LVOT gradient at echocardiography correlated
with the LVOT gradient observed at cardiac catheteriza-
tion (r = 0.59, p < 0.0001; Figure 3A). The catheter-derived
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Figure 1. Hemodynamic recordings. (Upper left) Doppler echocardiographic analysis of LVOT gradient in a patient with hypertrophic cardiomyopathy;

estimated gradient 21 mm Hg. (Lower left) Corresponding pressure tracing of the LV, AO, and LA performed 2 days later; gradient of 100 mm Hg. (Upper

right) Doppler echocardiographic analysis of LVOT gradient in a patient with hypertrophic cardiomyopathy; estimated gradient 130 mm Hg. (Lower right)

Corresponding pressure tracing of the LV, AO, and LA performed 2 days later; gradient of 14 mm Hg. Abbreviations: AO, aorta; LA, left atrium; LV, left

ventricle; LVOT, left ventricular outflow tract.

LVOT gradient was lower than that observed at echocardio-
graphy, with a mean difference of 7 ± 42 mm Hg (p = 0.07).
There was wide scatter of the gradient between the 2 assess-
ments with 95% confidence limits of agreement ±84 mm Hg
(Figure 3B). Discrepancy in defining severe LVOT obstruc-
tion by either echocardiography or cardiac catheterization
occurred in 21% of patients (Figure 1). Severe LVOT obstruc-
tion was found at Doppler echocardiography, but not cardiac
catheterization in 15% (n = 15), while severe LVOT obstruc-
tion was evident at cardiac catheterization, but not Doppler
echocardiography in 6% (n = 6).

Simultaneous Doppler-Catheterization Correlation

There was a strong positive correlation of the LVOT gradient
obtained via simultaneous Doppler echocardiography and

cardiac catheterization (r = 0.98, p < 0.0001; Figure 3C). In
this analysis, the 95% confidence limits of agreement were
±12 mm Hg (Figure 3D).

Discussion

Characterization of the LVOT gradient is a central com-
ponent of the management algorithm of patients with
HCM.9–11,13 Outflow obstruction is associated with cardiac
morbidity, as well as increased mortality.20 The goal of med-
ical therapy in HCM is amelioration of the LVOT gradient.
Septal reduction, either via myectomy or alcohol ablation, is
performed when pharmacologic therapy is unsuccessful in
the presence of severe obstruction.5–8,12 The definition of
severe obstruction is a LVOT gradient ≥30 mm Hg,10 which
is usually obtained from a single measurement. However, it
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Clinical Investigations continued

Table 2. Hemodynamic Variables at Time of CATH and DOPP

Variable CATH DOPP Difference (CATH-DOPP) P Value

Systolic blood pressure (mm Hg) 127 ± 27 125 ± 23 2 ± 22 0.3

Diastolic blood pressure (mm Hg) 70 ± 12 71 ± 10 −1 ± 10 0.4

Heart rate (beats per min) 66 ± 11 64 ± 11 −2 ± 9 0.01

LVOT gradient (mm Hg) 45 ± 45 52 ± 47 −7 ± 42 0.07

Continuous variables expressed as mean ± SD. Abbreviations: CATH, cardiac catheterization; DOPP, Doppler transthoracic echocardiography; LVOT, left

ventricular outflow tract; SD, standard deviation.
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Figure 2. Simultaneous LVOT analysis. Simultaneous analysis of LVOT

gradient via Doppler transthoracic echocardiography and cardiac

catheterization. Doppler echocardiography revealed an estimated

gradient of 144 mm Hg, cardiac catheterization revealed a gradient of

142 mm Hg. Abbreviations: AO, aortic pressure tracing; LV, left ventricular

pressure tracing; LVOT, left ventricular outflow tract.

is important for the clinician to understand the large vari-
ability of dynamic obstruction when making decisions on
therapy.

The pathophysiology of the dynamic outflow tract
obstruction in patients with HCM is unique. The initial
hypothesis was that the basal septum would project into the
outflow tract during systole, causing an initial obstruction
and creating a Venturi effect to ‘‘suck’’ the mitral valve
into the outflow tract. However, subsequent studies have
shown that accelerated flow around the septum produces
a drag effect on an elongated and displaced mitral valve
apparatus to ‘‘push’’ the leaflets into the outflow tract.21,22

The dynamic nature of LVOT obstruction results from an
amalgamation of changes in ventricular loading conditions
and myocardial contractility that are sensitive to fluctuations
in volume status, autonomic nervous activity, diurnal
variation, pharmacotherapy, exercise, and even physical
positioning during gradient assessment.4,23–26

The recognition of the variability of LVOT outflow tract
gradient in clinical practice is lacking. In the present
investigation, there were very large variations in LVOT
gradient over a period of less than 48 hours despite similar
hemodynamic loading conditions at the time of gradient
measurement. Using the cut off value of ≥30 mm Hg for
defining severe LVOT obstruction, 21% of the patients had
discrepant findings between the 2 studies. Moreover, the
95% confidence limits of agreement were ±84 mm Hg,
far exceeding the conventional criteria for discriminating
nonobstructive from obstructive physiology.10

We did not show spontaneous gradient variability over
an extended period of time. However, Kizilbash et al4 had
previously shown a variability of over ±32 mm Hg for 12
patients with hypertrophic cardiomyopathy measured on 5
consecutive days. In addition, there was a spontaneous
variability of the LVOT gradient of >40 mm Hg over
3 months observation in initial randomized pacing trials.27

Doppler echocardiography has been used extensively
to characterize LVOT physiology.20,28–30 Prior studies
have shown an excellent correlation between Doppler and
catheter-derived LVOT gradients,31,32 similar to the findings
among patients examined with simultaneous studies in the
present investigation (95% confidence limits of agreement
±11 mm Hg). Thus, the large differences between the
outpatient echocardiogram and invasive catheterization in
this study are felt to be due to the variability of the LVOT
gradient, not differences in measurement techniques. On
average there was a slightly lower gradient measured by
catheterization vs echocardiography, which may be related
to the effect of conscious sedation on the catecholamine
state of the patient. However, there were still 6 patients who
had a severe gradient at catheterization, but not at Doppler
echocardiography.

These findings also have important implications for
assessing the clinical efficacy of therapies directed towards
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Figure 3. Correlation of outflow tract gradient. (A) Linear regression of LVOT gradient measured by DOPP and CATH in all patients. (B) Bland-Altman

correlation of LVOT gradient in all patients. (C) Linear regression of simultaneous, same-beat LVOT gradient DOPP and CATH. (D) Bland-Altman correlation

of LVOT gradient for simultaneous, same-beat analysis. Abbreviations: CATH, cardiac catheterization; DOPP, doppler transthoracic echocardiography;

LVOT, left ventricular outflow tract.

alleviation of LVOT obstruction. Prior studies have reported
residual gradients evaluated by different methodology
and under varying hemodynamic states (eg, general
anesthesia, conscious sedation, recent cardioplegia). A
single measurement of LVOT gradient may not be sufficient
to determine an appropriate management approach or
determine the results of therapy.

Conclusions

It is important to recognize the daily variability of LVOT
obstruction in patients with HCM. Over 20% of patients may
be misclassified as to the presence or absence of severe
outflow obstruction, which has important implications for
determining optimal therapy in these patients.
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