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Interactions between the life-sustaining ventricular assist de-
vices and diagnostic therapies must be carefully considered to
decrease the risk of inaccurate diagnostic imaging or pump
failure. Methods: The MVAD® pump, currently under investi-
gational use, was tested for interaction with radiotracers in an
in vitro flow-loop study. The radiotracers 18F-sodium fluoride
and 18F-FDG were injected into a closed loop to determine the
feasibility of direct imaging of the MVAD® pump in a PET
scanner. Results: No real-time changes were observed in
pump operation, and there were no statistical differences in
pump parameters (power consumption, speed, and estimated
flow rate) between the baseline and circulation conditions. In
addition, no effect was observed on any external components,
including the permissive-action-link controller and the batter-
ies powering the device. Imaging of the internal pump com-
ponents was possible, with obscuration observed only in the
portion of the pump where the spinning impeller is located.
Retention of radiotracer in the pump components after circu-
lation was minimal (,1%). Conclusion: PET imaging is an
attractive diagnostic tool for patients with a ventricular assist
device and may have additional utility outside its current use,
detection of infection.
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The use of a ventricular assist device (VAD) in patients
with severe heart failure is increasing because of the
lengthy wait for heart donors (1–4). As a result, VADs have
been used as a bridge until a heart transplant becomes avail-
able or as a destination therapy (5–7). The MVAD� pump
(currently for investigational use only; HeartWare�, Inc.)
is a mechanical assist device with continuous, axial
blood flow (5,8). The miniaturized design allows implan-
tation in smaller patients, as well as allowing a poten-
tially shorter hospital stay through use of less invasive
surgery such as a thoracotomy (9,10). The design of the
pump includes a wear-free impeller suspended in a motor

core though passive magnetic and hydrodynamic forces
rotating at 8,000–18,000 rpm. The primary aim of this
study was to assess the effect of PET imaging on opera-
tion of the pump. Secondary aims were to detect potential
scattering and attenuation in the images and to determine
the level of g-radiation retained in the pump. Figure 1
portrays the surgical position of the MVAD� pump rela-
tive to the anatomy of the heart. The directional flow of
pumped blood can be immediately visualized.

PET is a noninvasive nuclear imaging procedure com-
monly used to detect cancer and heart disease. The PET
system detects pairs of g-rays emitted indirectly by a
positron-emitting radionuclide introduced into the body
on a biologically active molecule. Three-dimensional
(3D) tomographic images of radiotracer concentration are
constructed by computer analysis. The radionuclides that
are used in PET scans are called contrast agents. These are
typically isotopes with short half-lives, such as 13N (10 min)
and 18F (110 min). When these contrast agents are incorpo-
rated into compounds normally used by the body, such as
glucose, they are known as radiotracers. PET technology
traces the biologic pathway of compounds in vivo, providing
quantitative parameters on cell viability, cell proliferation,
and the metabolic activity of tissue. Two commonly used
radiotracers in clinical scanning are 18F-FDG and 18F-NaF.
The use of 18F-FDG is, internationally, primarily oncologic.
18F-NaF is commonly used for detecting and evaluating
metastatic bone cancer (11,12).

In the clinical setting, there is concern about scattering or
attenuation of x-rays during imaging because of the metallic
components of ventricular assist devices. Another concern is
that after injection of the radiopharmaceutical, radioactivity
may be retained in the MVAD� pump instead of being cir-
culated to biologic tissue. Imaging artifacts may result, with
the consequent poor contrast and resolution potentially lead-
ing to an error in diagnosis. The reported uses of PET im-
aging in the VAD patient population have been limited to
detection of infection (1,13–15). In this study, we examined
the effect of PET imaging on the MVAD� pump, using an
in vitro flow loop with two commonly applied radiophar-
maceuticals, 18F-NaF and 18F-FDG.

MATERIALS AND METHODS

An MVAD� pump with an attached 10 mm outflow graft
(Vascutek) was connected to a 1.2 L in vitro flow loop filled
with deionized water and glycerin at a 2:1 ratio. The system
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components include an external permissive-action-link control-
ler (PAL�; HeartWare�, Inc.) that connects to a percutaneous
driveshaft, an alternating-current adaptor, and a battery. The
controller manages power, monitors pump function, provides
diagnostic information, and stores pump parameter data. A lap-
top with a custom LabVIEW program (National Instruments)

and a custom data acquisition system was used to adjust the
controller settings and record real-time pump parameters. A
microPET R4 scanner (Siemens) with a 1.8 mm spatial resolu-

tion at the center of the field of view was used for imaging.

All images were reconstructed using 2-dimensional ordered-

subsets expectation maximization and analyzed by ASIPro soft-

ware, with all necessary quality assurance checks and calibrations

being performed before imaging.
18F-NaF was synthesized in house. Briefly, 18F-fluoride was

diluted with deionized water and passed through a cation-

exchange (H1 form) cartridge and an Accell Plus QMA cartridge

(Sep-Pak). The cation cartridge was removed, and the Accell Plus

QMA cartridge was rinsed with 10 mL of sterile water and air-dried.
18F-FDG for clinical use was purchased from PETNET Solutions,

Inc. The 18F-FDG was used as supplied and required no cation

exchange. Both radiotracers were diluted with 5–10 mL of saline

and passed through a 0.2 mm filter to provide the end product for

imaging. The typical injected activity for PET contrast is 555

MBq (15 mCi). Assuming a typical total blood volume of 5 L for

an adult, the concentration needed for the 1.2 L loop was calculated

to be 133.2 MBq (3.6 mCi).
The loop was placed in the scanner, with the MVAD� pump

positioned in the center of the imaging bore (Fig. 2). The loop

reservoir was placed adjacent to the scanner and was surrounded

with lead bricks to significantly reduce the contribution of any

external radiation to the final imaging counts. The pump was con-

nected to the controller and started. The speed was increased to

14,000 rpm (within the recommended operation range), providing

an estimated flow rate of 6.2 L/min. After a 5 min circulation time

with no radiopharmaceutical present, the PET scanner acquired a

baseline image set over 10 min. The 18F-NaF radiotracer was then

injected into the loop. After a 5 min circulation time to achieve a

homogeneous mixture, 10 min of imaging was initiated. After the

imaging acquisition was complete, the pump was stopped. The loop

was dismantled and drained. The loop was rinsed with deionized

water, and a post-PET scan (10 min) was then conducted with no

solution in the loop and the pump off. This process was repeated for

the 18F-FDG radiotracer in a second loop.

FIGURE 1. MVAD® surgically attached to heart. (A color version
of each of the 6 figures is available as a supplemental file at http://
tech.snmjournals.org.)

FIGURE 2. Experimental setup: microPET
R4 scanner (A), 1.2-L in vitro flow loop with
lead bricks shielding loop reservoir (B),
MVAD® pump (C), controller connected
to MVAD® pump through driveshaft (D),
and custom data acquisition system used
to capture pump operational parameters (E).
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The reconstructed images were analyzed using ASIPro soft-
ware. Regions of interest in the full field of view were manually
drawn over the images, and the mean voxel values of the counts
were determined. The net activity of each PET radiopharma-
ceutical in the scan was determined by summing the activity
in consecutive coronal slices. The mean, SD, minimum, and
maximum of the total radioactivity were computed and summarized
for each scan. The pump parameters, including power consumption,
speed, and estimated flow rate, at 50 Hz were determined and
statistically analyzed with Minitab 15. The parameters at baseline
were compared with those during and after circulation of the
radiotracers.

RESULTS

This study showed PET scanning to have no operational
effect on the MVAD� pump during or after circulation of

either radiopharmaceutical. Minimal changes in power con-
sumption (W) were observed, with virtually no change in
speed (rpm) or estimated flow rate (L/min) between the
baseline and circulation conditions (Table 1). There was
no statistically significant difference in pump parameters
between the baseline and circulation conditions or between
the 18F-FDG and 18F-NaF radiotracers (all P values $
0.27). Data for the real-time parameters during the 18F-
FDG and 18F-NaF loop studies are presented in Figure 3.
Controller log files downloaded after the studies revealed
no alarms or events triggered during pump operation. Bat-
tery power consumption and discharge rates were linear,
with no abnormalities.

Each PET scan consisted of 64 slices, with images of the
pump limited to only 30–40 of these slices. The regions of
interest were drawn over the areas in these slices that
showed the pump. Table 2 provides the total radioactivity
during radiotracer circulation and after drainage of the loop
for both 18F-NaF and 18F-FDG. The mean residual radio-
activity was less than 1% for both radiotracers after circu-
lation and drainage of the loop. Imaging of the pump during
radiotracer circulation showed minimal artifacts. Figures 4
and 5 provide cross-sectional and 3-dimensional composite
images taken during circulation of each radiotracer. The im-
ages showed clear flow paths for the inflow, outflow, and
volute portions of the pump. Imaging was obscured at the
portion of the pump where the impeller was spinning inside
the motor core (Fig. 6).

DISCUSSION

The primary finding of this study was that there was no
interaction between the radiotracers or PET imaging pro-
cess and the operation of the MVAD� pump, controller, or
battery. No electrical components are housed inside the
pump, which contains only the stator core and the wires
of the driveshaft connecting the motor to the controller. The

TABLE 1
Pump Parameters for 18F-NaF and 18F-FDG at Baseline and During Radiotracer Circulation

Baseline During circulation

Radiotracer Power consumption (W) Flow rate (L/min) Speed (rpm) Power consumption (W) Flow rate (L/min) Speed (rpm)

18F-NaF 5.39 ± 0.02 6.16 ± 0.00 14,999 ± 3 5.37 ± 0.02 6.16 ± 0.00 14,999 ± 3
18F-FDG 5.19 ± 0.02 6.16 ± 0.00 14,999 ± 3 5.19 ± 0.02 6.16 ± 0.00 14,999 ± 3

FIGURE 3. Real-time pump parameters: speed, power con-
sumption, and flow rate with 18F-NaF and 18F-FDG. The 3 in-
dicated regions are baseline pump operation (A), introduction
and circulation of radiotracer (B), and PET imaging (C).

TABLE 2
Total Radioactivity During and After Radiotracer Circulation

During After

Radiotracer Mean ± SD Maximum Mean ± SD Maximum Retention

18F-NaF 587.1 ± 772.9 3,184.9 1.8 ± 5.1 101.0 0.31%
18F-FDG 627.6 ± 802.3 3,122.2 3.8 ± 7.9 93.1 0.61%

Data are nCi/mL (1 nCi 5 37 Bq).

192 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY • Vol. 44 • No. 3 • September 2016



housing of the pump is made of a titanium alloy and
ceramic, and the impeller is made of magnetized platinum
cobalt (4,5). With no sensitive electrical components inside
the pump, there is significantly less risk of interference or
pump failure. The controller contains the microprocessors
that operate the pump, manage power, and store diagnostic
information. Although the controller may be susceptible
to radiation damage, it is not in the direct path of treatment.
In addition, because it is external to the body, it can be
replaced with a backup if a damaged component causes it
to fail.

The secondary findings of this study regard image quality
and retention of radiotracers inside the pump. Our previous
testing of x-ray and proton radiation therapies on the HVAD
pump (a pump that is currently commercially available
from HeartWare�, Inc.) showed scattering and attenuation
on the images (16,17). PET imaging in the current study
clearly showed the inflow and outflow regions of the pump;
only the portion of the pump with the spinning impeller was
obscured (Fig. 6). It is unknown why imaging was not
possible in this area, though the cause is likely related to
the small radial gaps and high velocity of flow through the
impeller (8,000–18,000 rpm). The residual radioactivity af-
ter completion of imaging was minimal and expected. It is
important that radiotracers not have an affinity for the pump
and that they be taken up by the targeted body tissue instead
of by the pump components. Less than 1% of the radio-
tracers were retained after circulation, and because of their
short half-life, this residual amount will be gone within a
short time.

Application of PET scanning to direct imaging of a
VAD has been limited to studies of the detection of
VAD-related infections (1,13–15). These studies dem-
onstrated increased cell metabolism in areas that have
VAD-related infections at the exit site of the driveshaft
and at the extremity of the outflow cannula. PET may
allow for early detection of infection as well as early
evaluation of treatment response. Infection is a signifi-
cant source of adverse events and a major limitation to

FIGURE 4. Cross-sectional PET images of MVAD® pump
during circulation of 18F-NaF (A) and 18F-FDG (C) and after
loops were drained to determine the amount of residual 18F-
NaF (B) and 18F-FDG (D).

FIGURE 5. Cross-sectional PET images of MVAD® pump
during circulation of 18F-NaF (A) and 18F-FDG (C). Three-
dimensional reconstruction of PET images obtained during
circulation of 18F-NaF (B) and 18F-FDG (D).

FIGURE 6. (A) MVAD® pump with out-
flow graft connected to loop. (B) Three-
dimensional reconstruction of PET image
of circulating radiotracer. Image is obscured
in region of pump where impeller is spinning
at 14,000 rpm. (C) MVAD® pump showing
location of suspended spinning impeller.
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further expansion of VAD therapies, but the use of PET
may not be exclusive to infections. Another potential
use is the detection of a pump-related thrombus inside
the pump, inflow cannula, or outflow graft. PET has also
been used to detect and determine the age of deep vein
thrombosis (1,18)—an application that may be useful in
the VAD population to determine the location (inflow
vs. outflow), size, and age of a thrombus. Further test-
ing will be needed to determine the feasibility of this
application.

CONCLUSION

The use of VAD implantation continues to grow as trans-
plantation rates remain constant and the population of heart
failure patients increases. Therapies and diagnostic evalu-
ations routinely used in hospitals need to be reviewed for
use in VAD patients. Potential interactions between the life-
sustaining devices and therapies must be carefully consid-
ered in order to decrease the risk of inaccurate diagnostics
(imaging), incomplete treatment delivery, or pump failure.
PET may have additional utility outside its current use,
detection of infection. In this in vitro study, no interaction
was observed between the MVAD� pump and direct PET
imaging with two commonly used radiotracers. Clear
imaging of the internal pump components was possible,
with minimal radiotracer retention in the pump components
after circulation.
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