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Abstract: 18F-FDG PET/CT is a promising tool in detecting aortic

graft infection. Present study investigated the value of dual-time-point
18F-FDG PET/CT imaging (DTPI) with delayed imaging in assessing

aortic graft infection.

Twenty-nine patients with suspected aortic graft infection were

prospectively enrolled in this DTPI study. Two nuclear medicine phys-

icians read all the images and achieved consensus about the measurement

of maximal standardized uptake value (SUVmax) and grading of image

quality. The percentages of SUVmax change between initial and delayed

images were recorded as retention index (RI); sensitivity, specificity, and

accuracy were calculated based on reference standard.

All the 5 infected aortic grafts had positive RIs, which were generally

higher than that of noninfected grafts. Those noninfected grafts had

variable RIs. Seven patients had improved image quality in delayed

imaging. DTPI with delayed image detected all the infected grafts with

improved specificity (88%) and accuracy (90%), providing conspicuous

delineation of the infected graft extent.

In conclusion, noninfected aortic grafts had more variable RIs than

infected ones. DTPI might be useful for detecting aortic graft infection,

improving image quality, and enhancing delineation of the infected aortic

grafts.

(Medicine 94(27):e1124)
, Lee-Shing Chu, Wang, MD,
n Liu, MD

iBP = blood pool activity of initial image, iSUV = SUVmax of the

aortic graft on initial image, PET/CT = positron emission

tomography/computed tomography, RI = retention index, ROC

curve = receiver operating characteristic curve, SUVmax =

maximal standardized uptake value, SUVmean = mean

standardized uptake value.

INTRODUCTION

A ortic graft infection is a severe medical problem associated
with high mortality as well as morbidity. The reported

incidence of aortic graft infection is 0.3% for open surgeries and
0.2% for percutaneous endovascular stent grafting.1 A punctual
surgery to remove entire infected graft with extra-anatomic
surgical bypass or in situ reconstruction can save life and
improve outcomes of aortic graft infection; contrarily,
unnecessary surgery for those noninfected grafts may be fatal.
Therefore, making a prompt and precise diagnosis or exclusion
of graft infection is essential to guide further treatment.

Accurate and timely diagnose of aortic graft infection is
crucial, but sometimes graft infections are insidious with non-
specific symptoms and signs, which may not easy to detect and
obtain definite diagnoses. Computed tomography (CT) is the
first-line modality to detect aortic graft infection due to its
accurate anatomical and morphological information as well as
widely availability. Fast and accurate anatomic information also
facilitates image-guided needle aspiration for prompt micro-
biological analysis.2 For a long time, CT has been used for
imaging diagnosis of aortic graft infection.2 However, several
reports showed that false negative rate of CT in detecting aortic
graft infection remained high, especially in those aortic grafts
with low-grade infection.3,4 The suboptimal sensitivity of CT in
detecting low-grade aortic graft infection was a main problem in
early detection of aortic graft infection, which might lead to
delayed treatment and inferior prognosis.4 Many CT findings
were not specific for infected aortic grafts or postoperative
inflammation was another problem, which sometimes led to
inconclusive results whether the febrile patients should receive
another operation or not.2,5

18F-FDG is a promising tracer for detecting aortic graft
infection, because activated leukocytes have high metabolic
demand for 18F-FDG and aggregate on the infected aortic graft.5

Positron emission tomography/computed tomography (PET/
CT) incorporated anatomic and metabolic information with
improved resolution and lesion localization, which played an
important role in differentiating aortic graft infection from
ection, leading to optimized therapeutic
ld separate aortic graft from physiologi-
DG uptakes of esophagus, bowels, and
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lymph nodes, which were in the vicinity of implanted aortic
grafts. 18F-FDG PET/CT improved the detection and diagnosis
of aortic graft infection by reducing this kind of false positive
and false negative results.2,5 However, Keidar et al6 demon-
strated that most of the noninfected vascular grafts also had high
and diffuse 18F-FDG uptake, which might persist for a long
time. Those diffusely or heterogeneously increased 18F-FDG
uptakes of aortic grafts were probably due to sterile inflam-
mation, and were less specific for aortic graft infection. Several
approaches of 18F-FDG PET/CT were developed to solve this
problem, but the results were variable. Fukuchi et al7 demon-
strated that infected grafts often had higher 18F-FDG uptake
than noninfected grafts, and often presented as focal increased
uptake on the 18F-FDG PET image. Spacek et al3 reported a
97% of accurate predict rate when both a focal 18F-FDG uptake
and an irregular graft boundaries were noted on the integrated
18F-FDG PET/CT. Tokuda et al8 used a semiquantitative
parameter, maximal standardized uptake value (SUVmax), to
assess aortic graft infection, and reported that infected aortic
grafts generally had higher SUVmax than noninfected ones. Sah
et al9 adopted a 5-point scale with CT criteria to improve the
accuracy of 18F-FDG PET/CT in diagnosing vascular graft
infection. However, Saleem et al10 compared different
interpretation methods in 18F-FDG PET and CT angiography,
and found that the diagnostic accuracies of quantitative and
visual 18F-FDG PET parameters for detecting aortic graft
infection remained modest; the application of 18F-FDG PET/
CT on aortic graft infection seemed limited by those false
positive results.10 Since aortic neoplasm was rare, strategy to
distinguish aortic graft infection from noninfectious graft
inflammation was paramount, and might improve the accuracy
of 18F-FDG PET/CT in assessing aortic graft infections. We
hypothesized that infected aortic grafts might behave differently
from noninfected grafts on the dual-time-point 18F-FDG PET/
CT imaging (DTPI); with the progressive clearance of the blood
pool 18F-FDG activities over time, the image quality might be
improved, and the target-to-background ratio as well as the
infected graft delineation might be enhanced on the delayed
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images. The aim of this study was to investigate the value of
DTPI with delayed imaging in patients with suspected aortic
graft infections.

PATIENTS AND METHODS

Inclusion and Exclusion Criteria
From July 2012 to May 2014, 29 patients (19 male, 10

female) were prospectively referred for 18F-FDG PET/CT to
detect aortic graft infection by cardiovascular surgeons. The
suspicion of aortic graft infections was based on surgeons’
experiences and impressions, clinical symptoms and signs, and
evidences such as unknown fever, malaise, radiological
findings, elevated CRP levels, and WBC counts in patients
who had ever received aortic grafts implantation without other
evident infection sources. Nineteen patients had received
endovascular stent grafting, 7 patients had received traditional
open surgery, and 3 patients had received both types of
surgeries. The locations of these aortic grafts were at thoracic
aorta (n¼ 15), abdominal aorta (n¼ 8), or at both sites (n¼ 6).
Patients with documented vasculitis were not included in
present study. The study was approved by institutional review

board of Taipei Veterans General Hospital, and informed
consent was obtained from all individual participants included
in this study.
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Imaging Protocol
The patients were asked to fast for at least 6 h before the

18F-FDG PET/CT examination. We measured each patient’s
fasting blood glucose level before 18F-FDG PET/CT examin-
ation to ensure that the level was <8 mM. Patients received an
intravenous injection of about 370 MBq of 18F-FDG adjusted
for body weight; no intravenous or oral CT contrast medium
was used in this study. Initial scans with 3-dimentional (3D)
acquisition from head to upper thigh were obtained on a 64-slice
PET/CT scanner (GE Healthcare, Waukesha, WI, USA) after
resting for 45 to 60 min. Delayed scans with 3D acquisition
targeted on the aortic grafts were obtained on each patient after a
second rest for about 45 min. The slice thickness and axial field
of view were 0.327 and 15.7 cm, respectively.11 The images
were reconstructed iteratively using the ordered-subset recon-
struction algorithm, and attenuation corrections of PET were
calculated from CT transmission maps generated from CT data
set.12

Image Interpretation
All images were reviewed on a workstation, which allowed

3D reconstruction of the PET and CT images as well as
semiquantitative measurements. Two experienced nuclear
medicine physicians reviewed all the initial and delayed images
blindly and independently, and searched for foci of abnormal
18F-FDG uptakes. The shape, distribution, and the intensity of
each abnormal 18F-FDG uptake on the initial and delayed
images, particularly focusing on the grafts and the perigraft
areas, were recorded. Maximal standardized uptake values
(SUVmax) of these abnormal increased 18F-FDG uptakes on
the initial (iSUV) and delayed (dSUV) images were determined
and corrected by body weight. 18F-FDG retention indexes (RIs)
were derived from differences of SUVmax between initial and
delayed images (dSUV–iSUV) divided by SUVmax of the
initial image (iSUV). On each pair of the initial and delayed
images, two 3D spheres, 1.8 cm in size, were placed on the same
site in the aortic lumen of the ungrafted abdominal or descend-
ing thoracic aorta with avoidance of any abnormal focal or
atherosclerotic 18F-FDG uptake; the average 18F-FDG uptake
inside each sphere was SUVmean. The blood pool 18F-FDG
activities of the initial and the delayed scans were determined by
averaging the 2 SUVmean values. Subjective criteria such as
blood pool activity, target-to-background ratio, image contrast,
extent of the infected grafts, misregistration between PET and
CT images, and urinary as well as respiratory artifacts were
reviewed. The image quality of both initial and delayed images
was graded as poor (apparent influence on image interpret-
ation), fair (minimal influence on image interpretation), and
good (no influence on image interpretation) by the 2 nuclear
medicine physicians. Discordances were resolved by consensus.

Reference Standard
The reference criteria for presence of infected grafts were

based on surgical findings and microbiological exams derived
directly from surgical specimens and fluids, or image-guided
drainage. When patients with suspicious infected grafts did not
received surgery or image-guided drainage, they underwent
radiological and clinical follow-up with series of blood cultures
for >11 months. Operative findings such as purulence, turbid
fluid, or infected-appearing thrombus were regarded as positive
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for infected aortic graft. Radiographic findings such as multiple
foci of gas and adjacent fluid collection were suggestive of
aortic graft infection. A graft was confirmed to be infected if the
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culture specimen obtained during surgery or image-guided
drainage grew bacteria, or the disease progressed dramatically
during the radiological and clinical follow-up with positive
blood culture results and lack of other infection sources. For
patients with negative blood culture results and improved or
stable disease during the radiological and clinical follow-up, the
aortic grafts were considered to be negative for infection.

Statistical Analysis
Those semiquantitative parameters of SUVmax and blood

pool activity on the initial and delayed images were recorded as
iSUV, dSUV, iBP, and dBP, respectively. Dichotomous results of
infected and noninfected grafts were based on the reference
standard, and the iSUV, dSUV, and RI of the 2 patient groups
were compared by Mann–Whitney rank sum test. Performance
of the conventional 18F-FDG PET/CT and DTPI were tested
against the reference standard using receiver operating charac-
teristic (ROC) curve analysis, and the optimal sensitivity,
specificity, and accuracy for detecting infected grafts were
derived at optimal cut off point from ROC curve (Sigmaplot
12.3, Systat Software Inc., San Jose, CA, USA). A P value
<0.05 was considered significant.

RESULT
Of the 29 patients, 3 of them went on to have surgery due to

suspected infected grafts, 3 had image-guided drainage, and the
rest 23 patients received conservative management as well as
radiological and clinical follow-up with series of blood examin-
ation. There were 5 patients with infected aortic grafts and 24
patients with noninfected grafts based on the reference standard.
18F-FDG PET/CT detected extra-prosthetic sites of infection in 6
patients with noninfected grafts (4 pneumonias, 1 cellulitis on the
back, and 1 pancreatitis). The patients’ characteristic and geo-
graphic data were shown in Table 1. Four patients had surgical
specimen or drained fluid confirmed to have infected grafts; 1
patient was diagnosed as infected graft based on positive blood
culture and deteriorated follow-up images; the rest 24 patients,
who lacked evidences of infected grafts and had uneventful
follow-up, were diagnosed to have noninfected grafts.

The median iSUV of infected and noninfected grafts were
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8.44 and 3.28, respectively, and infected grafts generally had
higher iSUV than noninfected grafts (Table 1). Similarly, the
median dSUV of infected grafts was higher than that of

TABLE 1. Geographic Data of Study Population

Infected Graft

Male/female 3/2
Age 74 (66–86)
Endovascular/open graft/both

�
3/1/1

Thoracic/abdominal/bothy 4/0/1
iSUV 8.44 (6.07–11.07)
dSUV 10.78 (9.42–13.86)
RI, % 28 (24–59)
iBP 1.19 (1.05–1.90)
dBP 1.05 (0.83–1.44)

Values are expressed as median (interquartile range); endovascular¼ endo
abdominal aortay. dBP¼ blood pool 18F-FDG activity in the delayed image
activity in the initial images; iSUV¼SUVmax in the initial images; RI¼
zMann–Whitney rank sum test.
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noninfected ones (Figure 1). All the 5 infected grafts had
positive RIs ranging from 0.20 to 0.89 (Figure 2), whereas
great variations of RIs were noted among the noninfected aortic
grafts, ranging from�0.36 to 0.31 (Figure 1). The median RI of
infected grafts was higher than that of noninfected ones
(Table 1). Among the 24 noninfected grafts, RIs were negative
in 4, positive but <20% in 17 (Figure 3), and >20% in 3.
Progressive clearance of 18F-FDG from blood was evident in
both patients with infected and noninfected grafts; 7 patients
had improved image quality grading on the delayed images due
to low dBP and high dSUV of the grafts, leading to altered
extent of an infected graft (Figure 2; Table 2). DTPI with 20%
increment as the optimal cut off point of RI detected all the
infected aortic grafts, with a specificity and accuracy superior to
SUVmax using 5 as the optimal cut off point in the conventional
18F-FDG PET/CT imaging (Table 3). However, 3 noninfected
grafts with active inflammation had RIs >20%, which were
indistinguishable from that of infected aortic grafts.

DISCUSSION
Our study demonstrated that infected aortic grafts tended

to have high RIs, but noninfected aortic grafts had variable RIs.
For the 4 noninfected grafts with negative RI, it was possible
that chronic sterile inflammation existed in the aortic grafts.
Gheng et al demonstrated that acute infection and granuloma-
tous inflammation were distinct from chronic inflammation on
delayed 18F-FDG PET/CT imaging due to different patterns of
18F-FDG retention and clearance,13 and implied that there might
be differences in inflammatory cells and cytokines
involved.13,14 Sanz-Viedma et al speculated that some inflam-
matory cells had an increased ratio of glucose-6-phospatase to
hexokinase leading to washout of 18F-FDG from the cells in
delayed image,15 which might explain the negative RIs of the 4
noninfected aortic grafts. Mamede et al demonstrated that
neutrophils and macrophages had an overproduction of the
hexokinase during the respiratory burst, which provided clues
for 18F-FDG retention on delayed image.16,17 The variable
positive RIs of the rest 20 noninfected grafts in our study might
represent variable severities and degrees of inflammation, and
was compatible with previous observation on active inflam-

Dual-Time-Point 18F-FDG PET/CT for Aortic Graft Infection
mation. Although the mechanism of high RIs in those infected
aortic grafts was not well understood, we implied that aortic
graft infections were possibly accompanied with hyperemia and

Noninfected Graft P Valuez

16/8
70 (60–78) 0.285

16/6/2
11/8/5

3.28 (2.65–4.35) 0.007
3.52 (2.68–5.13) 0.002
12.1 (1.4–18.7) 0.002
1.26 (1.08–1.41) 0.707
1.11 (0.88–1.24) 0.977

vascular stent grafting; both¼ both type of surgery
�

at both thoracic and
s; dSUV¼SUVmax in the delayed images; iBP¼ blood pool 18F-FDG
retention index of SUVmax.
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FIGURE 1. Box plots of iSUV, dSUV, and retention index (RI) of the
infected and noninfected aortic grafts were shown. The infected
grafts generally had higher iSUV, dSUV, and RI than noninfected
grafts (P<0.01, Mann–Whitney rank sum test). dSUV ¼ SUVmax

Chang et al
active noninfectious inflammation. The high 18F-FDG uptake
and RI on infected aortic grafts might be caused by a combi-
nation of leukocytes attracted by both graft infection and active
inflammatory process.

A complete and en-block resection of the infected grafts is
crucial for eradication of infection, and depends on accurate
perception of the extent of the infected grafts. Delayed 18F-FDG
PET/CT images had low blood pool activities, increased target-
to-background ratio, and enhanced image contrast for assessing
aortic grafts infection, which was useful for delineating the

of the aortic graft on delayed image; iSUV¼ SUVmax of the aortic
graft on initial image.
detailed extent of the infected aortic graft to facilitate a precise
and complete resection (Figure 2). For the patients with non-
infected grafts, 6 of them were found to have other extra-

FIGURE 2. Coronal images (A: CT, B: PET/CT, C: delayed PET/CT; 61 m
aortic arch stent graft revealed heterogeneously and progressively incre
on and around the graft with widespread involvement of aortic graft in
the delayed images, improving the image quality grading from fair to
from Klebsiella pneumoniae. CT ¼computed tomography; PET/CT ¼

FIGURE 3. Trans-axial images (A: CT, B: PET/CT, C: delayed PET/CT; 59
with thoracic aortic stent graft demonstrated a persistent focus of increa
initial/delayed image). She was found to have urinary tract infection bu
follow-up. CT ¼computed tomography; PET/CT ¼ positron emiss
standardized uptake value.
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prosthetic infections by 18F-FDG PET/CT, leading to targeted
cultures and guided antibiotic treatments in these patients. As
several studies demonstrated the usefulness of 18F-FDG PET/
CT in searching undiscovered infectious foci,17,18 DTPI might
play a pivotal role in management of patients with suspected
aortic graft infection, particularly in diagnosing or excluding
aortic graft infection, and discovering extra-prosthetic infec-
tious sources, serving as a promising 1-stop-shop examination
in febrile patients with suspected infected aortic grafts.

Our study might have clinical implications in the diagnosis
of aortic graft infection. First, DTPI could provide additional
information for assessing aortic graft infection. Interpreting
high 18F-FDG uptakes on the aortic grafts was challenging
since several studies noticed the overlapping of SUVmax
between infected and noninfected aortic grafts.8–10 Keidar
et al6 reported 92% of the noninfected grafts had diffusely high
18F-FDG uptake due to foreign body reaction and sterile
inflammation. Controversies existed on whether the patterns
of the abnormal uptake on the aortic grafts could help to
differentiate aortic graft infection from noninfectious graft
inflammation.7,10 Other studies suggested combined interpret-
ation of the co-registered CT findings to improve the perform-
ance of 18F-FDG PET/CT.3,9 Several reports suggested gallium
and leukocyte scans in detecting vascular graft infection.4,19

Erba et al4 used 99mTc-HMPAO-WBC SPECT/CT to reduce
37% of the false positive results with a specificity superior to
that in our study, which was useful in detecting late and low-
grade vascular prosthesis infections. Yilmaz et al20 used 18F-
FDG-labelled leukocytes, instead of 99mTc- and 111In-labled
WBCs, successfully to identify aortic graft infection from
aseptic graft inflammation. Although limited by small sample
population and referral nature, our preliminary result suggested

Medicine � Volume 94, Number 27, July 2015
that infected and noninfected aortic grafts might behave dif-
ferently on the DTPI, and aortic grafts with RIs >20% were at
high risk of graft infection.

in and 112 min after 18F-FDG injection) of a 60-year-old male with
ased 18F-FDG uptake (arrow, SUVmax raised from 12.63 to 16.28)
fection (open arrow) and enhanced target-to-background ratio on
good. Subsequent surgery confirmed the extent of graft infection
positron emission tomography/computed tomography.

min and 102 min after 18F-FDG injection) of a 79-year-old female
sed 18F-FDG uptake in the aortic graft (arrow, SUVmax: 6.03/7.03,
t no evidence of graft infection during the clinical and radiological
ion tomography/computed tomography; SUVmax ¼ maximal

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.



TABLE 2. Image Qualities of Initial and Delayed 18F-FDG PET/
CT

Initial
18F-FDG PET/CT

Delayed
18F-FDG PET/CT

Poor 2 0
Fair 9 4
Good 18 25

Fair¼minimal influence on image interpretation; good¼ no influ-
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Second, our study determined the optimal timing of 18F-
FDG PET/CT imaging for aortic graft infection—90 min
post-18F-FDG injection. Since the optimal protocols of 18F-
FDG PET/CT for infection and inflammation imaging varied on
different clinical indications,18 we proposed that the 18F-FDG
uptake of the infected aortic grafts did not reach a plateau at 1 h
imaging, and the dynamic 18F-FDG uptake relative to time
might be different between infected and noninfected aortic
grafts. The time intervals between initial and delayed images
in our study were not restrictively fixed for practical reasons.
The critical patients with mechanical ventilation and unstable
vital signs usually could not tolerate a long stay at PET room for
the delayed imaging. The busy schedule of PET examination
sometimes postponed the delayed scans. Although the delay
time between the scans might affect the values of dSUV and RI,
this pilot study suggested that those infected aortic grafts did not
reach peak 18F-FDG uptake before 90 min post-18F-FDG
injection, providing clues for the optimal timing of 18F-FDG
PET/CT imaging in patients with suspicious aortic graft infec-
tion. Further large-scaled and detailed investigations on the
dynamic 18F-FDG uptake of infected aortic grafts are needed.

STUDY LIMITATIONS AND CONCLUSION
Present study had several limitations. First, only 5 patients

had infected aortic grafts according to the reference standard,
and 24 patients received conservative management. Only
patients with high suspicion of aortic graft infection and accep-
table physical condition were candidate for surgery in our
hospital. This might reflect the rare incidence of aortic graft
infection not only in our study but also in general population,
and could bias the result. Second, the effects of antibiotics on
the 18F-FDG uptake were not involved,11 although most of the

ence on image interpretation; poor¼ apparent influence on image
interpretation.
patients received empiric antibiotic treatment at 18F-FDG PET/
CT examination. Bias would be inevitable too due to the small
sample size and single-institution referral nature of this study.

TABLE 3. Conventional and Dual-Time-Point 18F-FDG PET/CT
for Detecting Aortic Graft Infection

Conventional
18F-FDG PET/CT

Dual-Time-Point
18F-FDG PET/CT

Infected grafts 10 8
Noninfected grafts 19 21
Sensitivity, % 100 100
Specificity, % 79 88
Accuracy, % 83 90

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
We believed that further studies with large sample sizes are
needed to clarify the potential benefits of DTPI in assessing
aortic grafts infection.

In conclusion, noninfected aortic grafts had variable RIs,
and infected aortic grafts tended to have high RIs. Aortic grafts
with negative RIs and low 18F-FDG uptakes were less likely to
be infected. 18F-FDG PET/CT was also helpful in discovering
extra-prosthetic infection in this situation. The DTPI might be
useful for detecting aortic graft infection by improving image
quality as well as conspicuity of the infected graft extent in this
study, but active noninfectious inflammation might degrade the
performance of the DTPI. Further validation study should
be performed.
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