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Hemodynamic speed ramp tests are used in left ventricular 
assist device (LVAD) patients to guide speed adjustment and 
medical therapies. However, the reproducibility of these tests 
is unknown. In this prospective study, clinically stable LVAD 
patients underwent echocardiography and right heart cath-
eterization ramp tests followed by a repeat test within 2 years 
as per institutional protocol. Sixteen patients (61.8 ± 10.5 
years old, 50% male, eight with HeartMate II and eight with 
HVAD) underwent repeated ramp testing. The first test was 
performed 187 (42–1857) days from LVAD implant and the 
second test was performed 278 (126–560) days from the first 
test. All hemodynamic variables measured at the baseline 
speed remained statistically unchanged between the first and 
second ramp test (p > 0.05 for all). Changes in hemodynamic 
parameters, as assessed by the slopes of their changes over 
the range of speeds tested, were also the same at the two 
timepoints (p > 0.05 for all). Stable LVAD patients had similar 
hemodynamic profiles over the course of years including sim-
ilar responses to speed changes. This suggests that ramp tests 
may represent a hemodynamic fingerprint; deviations from a 
baseline test can aid diagnosis at times of clinical deteriora-
tion or device malfunction. ASAIO Journal 2017; XX:00–00.
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Continuous flow left ventricular assist devices (LVADs) have 
dramatically improved the survival rate of patients with stage 
D heart failure (HF)1–4 and have been increasingly used as 
both bridge to transplantation (BTT) and as destination therapy 

(DT).5 Since the duration of support is increasing, especially 
in the context of DT, attention is shifting to ways to reduce 
adverse events and improve patients’ quality of life.6

Multiple factors are believed to be contributing to device 
preference: 1) optimization of medical therapy and 2) opti-
mization of LVAD device speed.7 These are important deter-
minants of the hemodynamic support delivered by the LVAD, 
such as total blood flow, arterial pressure, and ventricular fill-
ing pressures. Those hemodynamics parameters determinants 
exercise tolerance, New York Heart Association functional 
class, and overall quality of life.8 However, existing guidelines 
are vague regarding how to optimize both the medical therapy 
and device speed during support.

The International Society for Heart and Lung Transplantation 
recommends the adjustment of rotation speed using echocar-
diography, targeting sufficient LV unloading while maintaining 
LV septum in the midline position, minimizing the degree of 
mitral valve regurgitation (class of recommendation: I; level of 
evidence: C), and allowing for intermittent aortic valve opening 
(class of recommendation: IIb; level of evidence: B).9 However, 
these suggested indexes are not necessarily quantitative, and 
the practical adjustment of rotation speed may vary depending 
on the attending physicians. Medical management recommen-
dation are equally vague, indicating that diuretics, angiotensin 
converting enzyme inhibitors, angiotensin II receptor block-
ers, β-blockers, and mineralocorticoids are considered useful 
for managing volume status, blood pressure, arrhythmias, and 
myocardial fibrosis (class of recommendation: I; level of evi-
dence: C).

We recently described a hemodynamic and echocardio-
graphic speed ramp test in a study of patients implanted with 
either HVAD or HeartMate II devices.10 Despite pretest classi-
fication of all patients as being clinically stable and optimized, 
we observed extremely wide variability in all hemodynamic 
parameters, including pulmonary capillary wedge pressure 
(PCWP), central venous pressure (CVP), and total blood flow. 
Accordingly, we proposed means of using these ramp tests to 
guide adjustments of medical therapy and LVAD speed based 
on patient-specific RPM-dependent changes in CVP, PCWP, 
and cardiac output.

However, the reproducibility and patient-specificity of 
these RPM-dependent hemodynamic patterns over time and 
sensitivity to changes in medical management and patient 
conditions are unknown. In the present study, patients 
underwent two clinically indicated hemodynamic LVAD 
speed ramp tests. Changes in medications and clinical 
conditions were noted between the two tests. We hypoth-
esized that in a stable patient, this pattern would provide 
a hemodynamic “fingerprint,” deviations from which could 
aid diagnosis at times of clinical deterioration or device 
malfunction.
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Methods

Patient Selection

In this prospective study, 16 consecutive patients receiving a 
LVAD implant (eight HeartMate II [St. Jude Medical, Inc., Pleas-
anton, CA] and eight HVAD [HeartWare International, Inc., 
Framingham, MA]) who underwent two clinically indicated 
speed ramp tests with hemodynamic monitoring within 2 years 
were included. All patients were clinically stable outpatients 
(i.e., specifically not admitted for HF) during the study period; 
patients suspected of device thrombosis were not included. 
All participants received the second ramp tests to maintain 
optimal LVAD speed setting as a routine clinical practice. The 
University of Chicago’s institutional review board committee 
approved this study and all patients signed informed consents 
before enrollment.

Speed Ramp Test

All patients received standard speed ramp tests with echo-
cardiographic and hemodynamic monitoring as previously 
described.10 In brief, patient’s hemodynamics was measured 
with right heart catheterization; echocardiography was per-
formed at every speed. Cardiac output and cardiac index were 
calculated by the indirect Fick method. HVAD patients’ device 
speeds were lowered to 2,300 RPM and HeartMate II patients’ 
device speeds were lowered to 8,000 RPM. After at least a 2 
minute stabilization period, echocardiographic and hemo-
dynamic parameters were measured. After completing these 
measurements, device speeds were increased by 100 RPM for 
HVAD patients and by 400 RPM for HeartMate II patients fol-
lowed by repeat measurement of all parameters 2 minutes after 
speed change. This procedure was repeated until one of the 
following three were achieved: 1) reaching the maximum of 
3,200 RPM for HVAD patients or 12,000 RPM for HeartMate II 
patients; 2) if any suction events occurred; or 3) if the left ven-
tricular end-diastolic diameter decreased to less than 3.0 cm. 
At the conclusion of each test, the attending cardiologist set at 
the speed wherein hemodynamic normalization was achieved 
i.e., PCWP <18 mm Hg and CVP <12 mm Hg with the second-
ary goals of minimizing mitral regurgitation and intermittent 
aortic valve opening.9

Data and Statistical Analyses

The primary analysis was based on comparisons of plots 
of CVP versus PCWP between the two time points. For these 
analyses, the normal range was set between 8 and 18 mm Hg 
for PCWP and between 5 and 12 mm Hg for CVP, as previously 
described.10

All statistical analyses were performed using SPSS Statistics 
22 (SPSS Inc., Chicago, IL) and a p value less than 0.05 was 
considered as statistically significant. Data are expressed as 
mean ± standard deviation. Continuous variables were com-
pared using the unpaired t test or Mann–Whitney U test as 
appropriate, and categorical variables were compared using 
the χ2 test or Fisher’s exact test as appropriate. Slopes of each 
variable as a function of RPM step were calculated using linear 
regression as previously described; these slope values indicate 
the degree of change with incremental changes of rotation 
speed.11 Comparison of clinical data between the first and 

second ramp speed tests was performed using paired t test. In 
the CVP–PCWP curve, the centroid of each curve was calcu-
lated from an average of CVP and PCWP values. The slopes of 
line between the origin and the centroid were compared by 
paired t test between two tests.

Results

Baseline Characteristics

Sixteen patients were enrolled to our study, mean age 
was 61.8 ± 10.5 years old and 50% were males. All patients 
completed ramp tests without any complications. Patient 
baseline characteristics are summarized in Table 1. The 
majority of patients were implanted as DT (63%), and 38% 
had HF with nonischemic etiology. Eight patients received 
a HeartMate II and eight patients received an HVAD. The 
median interval between LVAD implantation and the first 
ramp test was 187 days (range 42–1857 days) and all 
patients were clinically stable outpatients without reports 
of HF symptoms before the first test. The second ramp test 
was performed at a median of 278 days (range 126–560 
days) after the first test.

Clinical Course and Management Between Tests

Between the first and second test, no patient was admitted 
to the hospital for HF and none had any significant complaints 
related to HF when seen in the outpatient setting. There were 
a total of three hospitalizations in three patients, one for INR 
control, one for cardiac resynchronization therapy lead infec-
tion, and one for cerebrovascular accident (which ultimately 
resolved without significant residual deficit).

Between the first and second test, the dose of diuretic was 
decreased in 6 patients (by an average of 66.7 ± 53.2 mg/
day, from 116.7 ± 80.4 to 50.0 ± 43.4 mg/day furosemide), 
unchanged in 7 patients, and increased in 3 patients (by an aver-
age of 40.0 ± 20.0 mg/day, from 20.0 ± 20.0 to 60.0 ± 34.6 mg/
day). An overview of all medical changes is summarized in 
Table 2.

Table 1.  Baseline Characteristics

 Total (N = 16)

Demographics
  Age (years) 61.8 ± 10.5
  Gender (male) 8 (50%)
  Race (Caucasian) 4 (25%)
  Nonischemic etiology 6 (38%)
  Body height (cm) 171.2 ± 11.3
  Body weight (kg) 89.2 ± 19.6
  HeartMate II 8 (50%)
  HVAD 8 (50%)
Timing of speed ramp test
  Days from surgery to first test 187 (42–1857)
  Days from first to second test 278 (126–560)
Comorbidity
  Destination therapy 10 (63%)
  Diabetes mellitus 7 (44%)
  Hypertension 8 (50%)
  Peripheral artery disease 0 (0%)
  Atrial fibrillation 6 (38%)
  History of ventricular tachyarrhythmia 2 (13%)
  Chronic obstructive lung disease 3 (19%)
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Comparison of Variables Between the First 
and Second Speed Ramp Test

Echocardiographic and hemodynamic variables at the base-
line speed were statistically comparable between the first and 
second ramp tests (Table 3; p > 0.05 for all). Similarly, the 
RPM-dependent hemodynamic changes (reported as slopes of 
the relationship between the respective parameter and RMP 
step) did not differ between the two tests (p > 0.05 for all). The 
results were the same when HeartMate II and HVAD patients 
were analyzed separately (see Tables 1 and 2, Supplemental 
Digital Content, http://links.lww.com/ASAIO/A208). Similar 
results were also observed between DT group (N = 10) and 
bridge to transplant group (N = 6) and between ischemic etiol-
ogy group (N = 10) and nonischemic etiology group (N = 6) 
(data not shown).

Comparison of Central Venous Pressure and Pulmonary 
Capillary Wedge Pressure Between First and Second Tests

Changes in CVP and PCWP stratified by changes in 
diuretic doses are summarized in Figure 1A, B, respectively. 
CVP decreased significantly with increasing diuretic doses 

(Figure 1A; p < 0.05). There was a trend for PCWP to decrease 
with increasing diuretic doses (Figure 1B; p < 0.10).

The relationship between CVP and PCWP in all patients at the 
baseline RPM and at the final RPM setting are shown in  Figure 2. 
At the baseline speed of the first test, 3 patients (19%) were out-
side the normal range (Figure 2A); after adjustment of speed 
(from 9168.8 ± 441.7 to 9321.3 ± 522.5 RPM in HeartMate II 
and 2635.0 ± 109.9 to 2712.5 ± 157.8 RPM in HVAD), the points 
migrated downward and leftward and only two patient remained 
abnormal with elevated CVP and normal PCWP (i.e., in the 
right HF zone, Figure 2B). At baseline speed on the second test 
( Figure 2C), the CVP–PCWP points migrated toward higher pres-
sures and three patients were outside of the normal zone. After 
additional RPM adjustments based on the ramp test, two patients 
still remained outside the normal zone (Figure 2D). At the base-
line speed, the relationships between CVP and PCWP, which 
was assessed by PCWP/CVP ratio, were comparable between 
the first and second tests (2.00 ± 0.94 vs. 2.08 ± 0.72; p = 0.695).

Changes in Central Venous Pressure–Pulmonary 
Capillary Wedge Pressure Relationship

Central venous pressure–pulmonary capillary wedge pressure 
relationships of individual patients during the two speed ramp 
tests are shown in Figure 3 (for patients whose diuretic dose was 
the same between tests), Figure 4 (for patients whose diuretic dose 
was decreased between tests), and Figure 5 (for patients whose 
diuretic dose increased between tests). In each case, PCWP is 
plotted as a function of CVP at all LVAD speeds during the test.

In each case, the shape and general position of the CVP–
PCWP relationship curve were unique and relatively preserved 
from the first to the second test independent of whether diuret-
ics were changed or not.

Table 2.  Patients Number of Each Medication Change

Dose Diuretic β-Blocker ACEI or ARB
Aldosterone 
Antagonist

Increased 3 3 8 4
Unchanged 7 11 6 8
Decreased 6 2 2 4

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin 
II receptor blocker.

Table 3.  Comparison of Clinical Variables Between the First and Second Ramp Testing

 1st Ramp 2nd Ramp p Value

Variables at baseline speed
  Rotational speed (HeartMate II) (rpm) 9168.8 ± 441.7 9197.5 ± 397.2 0.84
  Rotational speed (HVAD) (rpm) 2635.0 ± 109.9 2707.5 ± 169.3 0.14
  LVDd (cm) 5.93 ± 1.13 5.73 ± 1.06 0.33
  PCWP (mm Hg) 12.2 ± 5.6 13.6 ± 6.1 0.40
  CI (L/min/m2) 2.87 ± 0.49 2.66 ± 0.46 0.080
  PAM (mm Hg) 21.4 ± 5.4 23.4 ± 7.9 0.33
  Heart rate (bpm) 84.6 ± 10.1 80.3 ± 7.2 0.14
  RVSWI (g/m2) 7.08 ± 2.58 8.10 ± 2.59 0.29
  CVP (mm Hg) 6.7 ± 3.9 7.4 ± 4.3 0.43
  PVR (WU) 1.68 ± 0.69 1.94 ± 1.07 0.28
  PAPi 3.10 ± 1.61 3.64 ± 4.31 0.53
Slopes during ramp testing
  LVDd slope (cm/step) −0.16 ± 0.11 −0.13 ± 0.12 0.17
  PCWP slope (mm Hg/step) −0.93 ± 0.41 −0.68 ± 0.80 0.31
  CI slope (L/min/m2/step) 0.056 ± 0.089 0.051 ± 0.026 0.84
  PAM slope (mm Hg/step) −0.75 ± 0.48 −0.52 ± 0.81 0.28
  RVSWI slope (g/m2/step) −0.125 ± 0.298 0.002 ± 0.266 0.21
  CVP slope (mm Hg/step) −0.16 ± 0.25 −0.10 ± 0.25 0.39
Medications
  β-blocker 11 (69%) 12 (75%) 0.69
  ACEI or ARB 10 (63%) 13 (81%) 0.24
  Aldosterone antagonist 8 (50%) 7 (44%) 0.50
  Diuretics 14 (88%) 14 (88%) 1.00

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CI, cardiac index; CVP, central venous pressure; LVDd, 
left ventricular diastolic diameter; PAM, mean pulmonary artery pressure; PAPi, pulmonary artery pulsatility index; PCWP, pulmonary capillary 
wedge pressure; PVR, pulmonary vascular resistance; RVSWI, right ventricular stroke work index.

http://links.lww.com/ASAIO/A208
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Consistently, the slopes of centroid in each curve were pre-
served between two tests (2.10 ± 1.43 vs. 1.93 ± 0.65; p = 0.56). 
An example of comparison of centroid slopes between two 
tests is shown in Figure 1 (Supplemental Digital Content, http://
links.lww.com/ASAIO/A209).

Discussion

In this prospective study, we performed two standard hemo-
dynamic speed ramp tests within 2 years in clinically stable 
LVAD outpatients and found that the CVP–PCWP relationship 
is reasonably reproducible, falling on nearly the same line, and 

Figure 1. Changes in CVP (A) and PCWP (B) between two tests stratified by the changes in dose of diuretic between two tests, i.e., 
decrease, unchanged, and increase group. CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure.

Figure 2. Plots of individual patients’ CVP and PCWP. Plots are divided into four zones by CVP 12 mm Hg and PCWP 18 mm Hg: normal 
(lower left), left heart failure (upper left), fluid overload (upper right), and right heart failure (lower right). First test results at baseline speed set-
ting (A) and final speed setting (B). Second test results at baseline speed setting (C) and final speed setting (D). CVP, central venous pressure; 
PCWP, pulmonary capillary wedge pressure.

http://links.lww.com/ASAIO/A209
http://links.lww.com/ASAIO/A209


Copyright © American Society of Artificial Internal Organs. Unauthorized reproduction of this article is prohibited.

 REPEAT RAMP TEST AND HEMODYNAMIC FINGERPRINT 5

that its characteristics are relatively unique to a given patient. 
This is despite that fact that, as observed previously,10 there is 
a very wide variability in absolute values of these hemody-
namic parameters between patients. In response to medication 

changes, there were minor shifts of the CVP–PCWP relation-
ship. In all cases, however, the shape of the curve was rea-
sonably well preserved. Accordingly, in hemodynamically and 
clinically stable LVAD patients, this relationship appears to 

Figure 3. CVP–PCWP relationships of individual patients during the two speed ramp tests for those whose diuretic dose remained 
unchanged. Black bar represents the first test and red bar represents the second test. CVP, central venous pressure; PCWP, pulmonary 
capillary wedge pressure.

Figure 4. CVP–PCWP relationships of individual patients during the two speed ramp tests for those whose diuretic dose were decreased. Black 
bar represents the first test and red bar represents the second test. CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure.
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provide a patient-specific hemodynamic fingerprint. In addi-
tion, speed-dependent hemodynamics and echocardiographic 
changes (i.e., slope of the respective relationships12) were also 
reproducible between the two time points. These findings 
were the same for patients implanted with a HeartMate II or 
an HVAD LVAD, for those with DT or bridge to transplant, and 
for those with ischemic or nonischemic etiology for their HF.

These fingerprints are relatively unique for each patient, 
and should be considered during long-term tailor made LVAD 
management for each patient. During daily monitoring, early 
detection of abnormality from the fingerprint may result in suc-
cessful preventive therapy. We used invasive hemodynamic 
study for repeated monitoring, but noninvasive devices such as 
CardioMEMS may be alternative.13

Although the reason(s) why the LVAD RPM-dependent CVP–
PCWP relationship appears to be relatively unique for a given 
patient remain(s) uncertain, we postulate that this relationship 
is determined by each patient’s volume status, right and left 
ventricular contractility, and pulmonary and systemic vascular 
resistances. In addition, certain CVP–PCWP patterns, charac-
terized by their position and slope on the CVP–PCWP plane 
may identify patients at risk for certain adverse conditions, such 
as right ventricular failure (due to either elevated pulmonary 
vascular resistance or intrinsic right ventricular dysfunction)14 
and fluid overload states with symptomatic HF. However, data 
obtained from a significant number of patients under well-
characterized but different conditions will be required before 
such claims can be made.

Nevertheless, the present results demonstrating reproduc-
ibility and the nature of effects of diuretic dose changes on the 
CVP–PCWP relationship obtained in stable outpatients forms 
a strong foundation on which to build a more detailed under-
standing of the meaning of changes in this relationship.

Limitation

The main limitation of the present study is the small number 
of patients included from a single center. This limits statistical 
power to make definitive conclusions. Because speed ramp 
tests are not widely considered the standard of care and have 
not yet appeared as such in treatment guidelines,9 the ability 
to perform this study at multiple centers is not yet possible. 

However, as more evidence builds regarding the utility and 
reliability of hemodynamic ramp tests and their potential to 
influence patient management, confirmatory results from mul-
tiple centers would strengthen the current conclusions. In the 
current study, we used repeated invasive hemodynamic test for 
assessment of hemodynamic ramp tests. However, chronically 
implanted devices such as CardioMEMS offer an attractive 
alternative. If such devices become more commonly used in 
LVAD patients, hemodynamic ramp tests could easily become 
part of routine follow-up. If such were to become the case, we 
should have as much understanding as possible of the behavior 
of these curves over time in stable patients and how they are 
modified by different pathologies. For the HVAD in particular, 
understanding of the relationship between HVAD waveform 
characteristics and LV filling pressure has the potential to make 
ramp tests more routine without the need for repeated cath-
eterization.13,15 The second speed ramp tests were performed a 
median of 454 days after LVAD implantation and 278 days fol-
lowing the first test. It would be important to confirm reproduc-
ibility of these hemodynamic data at even longer time points to 
test the degree to which long-term changes in patient physiol-
ogy would modify the relationships studied.

Conclusions

Stable LVAD patients had relatively fixed though unique 
hemodynamic profiles when indexed by the RPM-dependent 
CVP–PCWP relationship over the course of a year. These curves 
shifted a small amount in response to changes in diuretic 
therapy, but maintained the same general form. Accordingly, 
these relationships appear to provide a patient-specific hemo-
dynamic fingerprint. The current results provide the founda-
tion for future research to determine whether different patterns 
of these relationships have any prognostic implications and 
whether deviations from a baseline test aid in diagnosis at 
times of clinical deterioration or device malfunction.
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