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18F-fluoroazomycinarabinoside (18F-FAZA) is a hypoxia-specific

PET tracer. In future clinical applications of hypoxia imaging, such

as early response monitoring or radiation therapy dose painting,
accurate quantification of tracer uptake at the voxel level will be

required. The aim of the present study was to assess the validity

of parametric methods for the quantification of 18F-FAZA studies.

Methods: Dynamic 70-min 18F-FAZA scans were obtained from 9
non–small cell lung cancer patients. Arterial blood samples, col-

lected at 7 time points, were used for preprocessing an image-

derived input function derived from volumes of interest (VOIs) de-

fined within the ascending aorta. Time–activity curves derived from
various tumor VOIs were fitted using nonlinear regression analysis

(NLR) to a reversible 2-tissue-compartment model, providing vol-

umes of distribution (VTs) as an outcome measure. Next, parametric

images were generated by use of both Logan graphic analysis with
various linear regression start times and spectral analysis with mul-

tiple sets of basis functions. The previously defined tumor VOIs

were projected onto these parametric images, and the resulting
VTs were compared with those obtained from NLR. In addition,

the results were compared with tumor-to-blood ratios (SUVr), which

are more easily obtainable. Results: The highest correlations and

correspondence with NLR-derived VTs were found for Logan graphic
analysis with a start time of 30 min after injection (R2, 0.88; intraclass

correlation coefficient [ICC], 0.93) and for spectral analysis–derived VTs

with a set of 30 basis functions with exponents ranging from 0.0175

to 1.9 (R2, 0.79; ICC, 0.81). SUVr yielded similar correlations but
showed significant bias at high VT (R2, 0.85; ICC, 0.80). Conclusion:
Both Logan graphic analysis and spectral analysis yielded VTs that

showed high correlations with nonlinear regression analysis–derived
VTs. SUVr showed bias at high VTs.
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Under hypoxic conditions, tumor cells are more resistant to
radiation therapy (1) and their migratory and invasive potentials
are increased (2). Imaging of hypoxia may aid in determining

patient prognosis and selecting appropriate therapeutic strategies
(3–6). In addition, mapping of hypoxic tumor areas may enable
specific targeting of hypoxic tumor tissue with intensified radia-
tion therapy (7–9).

18F-fluoroazomycinarabinoside (18F-FAZA) is a promising
hypoxia-specific PET tracer (10–15) that is based on a nitroimi-
dazole group and that undergoes electron reduction when it enters
cells. Under normoxic conditions, this process is followed by
reoxygenation and transport from the cell. In contrast, under hyp-
oxic conditions, the tracer is retained because it binds to macro-
molecules within cells (16), leading to increased PET signal in
areas containing hypoxic cells. However, the signal depends not
only on the oxygenation status of the tissue under investigation
but also on delivery (plasma concentration, blood flow, and ex-
traction) and nonspecific uptake in tissue. For quantification of
the degree of hypoxia, a tracer kinetic model that describes tracer
kinetics in relation to delivery through the arterial circulation is
needed.
In a previous study, a 2-tissue reversible model with a blood

volume parameter (2T4k1VB) was identified as the optimal
model for describing 18F-FAZA kinetics (17). Through nonlinear
regression analysis (NLR), this model provided excellent fits to
measured time–activity curves. Unfortunately, this method is
markedly sensitive to noise and therefore is not suitable for anal-
ysis at the voxel level. However, the latter type of analysis may be
useful given the expected heterogeneity in the distribution of hyp-
oxia within a tumor.
Several methods for linearization have been proposed to reduce

the sensitivity of the analysis to noise and enable voxel-level
analysis, that is, to enable the generation of parametric images;
these methods include spectral analysis (SA) (18), Patlak graphic
analysis (19), and Logan graphic analysis (LGA) (20). The pur-
pose of the present study was to assess the validity of these para-
metric methods for analyzing 18F-FAZA data by comparing the
results of parametric analyses and NLR in patients with non–small
cell lung cancer. In addition, the results derived from parametric
methods were compared with those derived from simplified meth-
ods because the latter methods would require a less elaborate
imaging protocol.

MATERIALS AND METHODS

Inclusion Criteria

Patients aged 18 y and older were asked to participate in the

study if they met the following criteria: histologically or cytolog-
ically proven non–small cell lung cancer with a lesion measuring at

least 2.5 cm in diameter and located within 15 cm of the aortic arch
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and a hemoglobin level of at least 7.0 mmol/L. Exclusion criteria

were chemotherapy or radiation therapy received within 6 mo be-
fore the PET study, pregnancy, and inability to remain supine for

100 min. The study was approved by the Medical Ethics Review
Committee of the VU University Medical Center. Before inclusion,

each patient signed a written protocol-specific informed consent
form.

Data Acquisition

Scanning Protocol. Patients were scanned on a Gemini TF-64
PET/CT scanner (Philips). Each patient underwent a low-dose CT

scan (50 mAs; 120 kVp), followed by a 70-min dynamic emission
scan. The start time of the latter scan coincided with the beginning of

an intravenous bolus injection of 168 6 39 (mean 6 SD) MBq of
18F-FAZA with a specific activity of 143 6 70 GBq�mmol21; the

injection was administered and flushed with saline (5 mL at 0.8
mLs21 and then 35 mL at 2 mLs21) using an automated pump

system. PET data were normalized and corrected for dead time,
randoms, scatter, and decay. Attenuation correction was based on

the CT scan, and a 3-dimensional row-action maximum-likelihood

reconstruction algorithm was used to reconstruct the data into 37
frames (1 · 10, 8 · 5, 4 · 10, 2 · 15, 3 · 20, 2 · 30, 6 · 60, 4 · 150, 4

· 300, and 3 · 600 s) with a matrix size of 144 · 144 · 45 voxels
(voxel size, 4 · 4 · 4 mm). All data were reconstructed in accor-

dance with recently published guidelines for quantitative 18F-FDG
PET studies (21,22).

Blood Sampling. At set time points (5, 10, 20, 30, 50, 60, and
70 min after injection), arterial blood samples were manually

collected from a cannula inserted into the radial artery. These samples
were analyzed for plasma–to–whole-blood ratios and for plasma frac-

tions of parent 18F-FAZA.

Kinetic Analysis

Multiple volumes of interest (VOIs) were defined within tumor

tissue. Time–activity curves derived from these VOIs were fitted using
NLR. The VOIs were also projected onto parametric images derived

from dynamic PET data with LGA (20) and SA (18) and onto sim-
plified parameter images derived from static PET imaging. The result-

ing VOI-based parameter values were compared.
NLR (Gold Standard). The governing equations for the 2T4k1VB

model are as follows (23):

dCNDðtÞ
dt

5K1CPðtÞ2ðk2 1 k3ÞCNDðtÞ1k4CSðtÞ; Eq. 1

dCSðtÞ
dt

5k3CNDðtÞ2k4CSðtÞ; Eq. 2

and

CT ðtÞ5CNDðtÞ1CSðtÞ; Eq. 3

where C(t) represents the activity concentrations over time in tissue

(CT), in the first compartment (free tracer and nonspecifically bound
tracer in tissue; CND), in the second compartment (specifically bound

tracer in tissue; CS), and in plasma after correction for metabolites (CP).
Because each VOI encompasses some blood volume, blood volume

correction was applied with the following equation:

CPETðtÞ5VBCWBðtÞ1ð12VBÞCT ðtÞ; Eq. 4

where VB is the blood volume parameter, CWB(t) is the whole-blood
time–activity curve, and CPET(t) is the tissue time–activity curve under

consideration. For each time–activity curve, standard NLR routines (24)

were used to derive estimates of VB and rate constants K1, k2, k3, k4.

Volumes of distribution (VTs) were then calculated with Equation 5:

VT 5
K1

k2

�
11

k3
k4

�
: Eq. 5

Because NLR is sensitive to noise, for some time–activity curves the
method was unable to produce reliable fits, particularly for small

VOIs. VTs for these VOIs (18/96) were therefore excluded from fur-
ther analysis.

LGA. In LGA (20), the governing differential equations for the
reversible model are rearranged to yield

R t

0 CPET ðtÞdt
CPETðtÞ 5 a

R t

0 CPðtÞdt
CPET ðtÞ 1b; Eq. 6

with

a 5 VB 1
�
1 2 VB

�K1
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�
11

k3
k4

�
5 VB 1

�
1 2 VB

�
VT;

and

b 5 2
ð1 2 VBÞ

k2k4

�
k2

CSðtÞ
CPET ðtÞ1

�
k3 1 k4

� CT ðtÞ
CPET ðtÞ

�
:

For reversible kinetics, Equation 6 becomes linear after a certain time,
when b becomes constant. The slope of the “Logan plot,” a, then

represents VT, albeit without correction for the blood volume fraction.
Parametric VT images were generated from the dynamic PET data by

linear regression fitting to the data in Equation 6, estimating a, for
each voxel.

SA. SA (18) assumes that the solution to the governing equations
can be described by a weighted sum of a set of predefined basis

functions:

CPET

�
t
�
5 +

n

i 51

aie
2bi t5CP

�
t
�
1VBCWB

�
t
�
; Eq. 7

where the last term is added to correct for blood volume in VOIs. VT

and K1 can then be derived from the amplitudes and exponents of the

basis functions:

VT 5
1

ð12VBÞ +
n

i 51

ai

bi

; Eq. 8

and

K1 5
1

ð12VBÞ +
n

i 51

ai: Eq. 9

Parametric VT, K1, and VB images were generated by fitting Equation
7 to the dynamic PET data, estimating ai and VB values, for each

voxel.
Simplified Methods. Of the simplified parameters, we chose to

compare the results obtained from the parametric methods with tumor-
to-blood ratios (SUVr), as we previously found SUVr to show the

highest correspondence with NLR-derived VT (17). SUVr images
were derived from the average PET frames acquired at 50–60 min

after injection; voxel-by-voxel activity concentrations were normal-
ized to the blood activity concentrations obtained from a VOI within

the ascending aorta.
Derivation of Plasma Input Functions. For each patient, a VOI (2–3

mL) within the ascending aorta was defined manually from an early
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PET frame most clearly displaying the blood pool. The metabolite-

corrected image-derived plasma input function (IDIF) was then de-
rived from the corresponding time–activity curve, corrected for both

plasma–to–whole-blood ratios and parent fractions obtained from the
manually collected arterial blood samples, and calibrated to the

whole-blood activity concentrations of the samples collected 50 min
after injection as previously described by Verwer et al. (17).

Input Parameter Setting Selection and Validation

For the identification of appropriate input parameter settings, for
each patient, VOIs were defined within the largest tumor structure

visible on the low-dose CT image (whole tumor; whole tumor

excluding edge voxels) and on the averaged image from the last
30 min of 18F-FAZA data (whole tumor; within an area of relatively

low activity concentrations; within an area of relatively high activity
concentrations). All VOIs were modified manually to exclude large

blood vessels visible on early PET frames. Time–activity curves de-
rived from these VOIs were fitted with NLR to obtain VT estimates.

Parametric images were generated with LGA and SA for various input
settings (Supplemental Tables 1 and 2; supplemental materials are

available at http://jnm.snmjournals.org). Averaged VTs were obtained
by projecting the VOIs onto the parametric images. The input param-

eter settings yielding the highest correlations between parametric
method–derived and NLR-derived VTs were then selected for further

analysis.
In addition, for assessment of whether the parametric methods were

able to accurately quantify the heterogeneous distribution of tracer-
specific uptake in tumor tissue, several (4–7) smaller VOIs were defined

within areas showing marked heterogeneity. In particular, areas in which
voxel-by-voxel differences were observed in VTs derived from LGA and

VTs derived from SA were studied. Input parameter settings were then
further refined on the basis of correlations and correspondence of the

resulting VTs with NLR-derived VTs for these VOIs.
After the selection of appropriate input parameter settings for the

parametric methods, VOI-based VT, VB, K1, and SUVr estimates were
derived for all tumor VOIs with the aforementioned methods and com-

pared with the results of NLR, which was used as the gold standard.

Statistics

Statistical analysis was performed with the SPSS Statistics 20 (IBM)
software package. For comparison of the results of the various methods,

linear regression analysis was performed. Correlations were assessed
with the Pearson correlation coefficient (R2). Correspondence was assessed

with the intraclass correlation coefficient (ICC). P values of less than
0.05 were considered significant. Bland–Altman plots were constructed

to visualize correspondence and variability. Plots presented in this article
were generated with Excel 2007 (Microsoft Corp.).

RESULTS

Patients

Nine patients (3 men and 6 women) ranging in age from 36 to
70 y were included in the study. The median patient weight was 78
kg (range, 59–91 kg), and the median height was 166 cm (range,
158–183 cm). The median size of the largest tumor structure in
each patient was 67 mL (range, 9–312 mL).½Fig: 1� Figure 1 shows 18F-
FAZA PET/CT images from a typical patient with non–small cell
lung cancer. A typical example of acquired blood data and the
resulting IDIF is shown in½Fig: 2� Figure 2.

Kinetic Analysis and Validation

Parametric images were obtained from LGA and SA at various
settings.½Fig: 3� Figure 3 shows representative VT and SUVr images at the
tumor level.½Fig: 4� Figure 4 shows scatterplots and regression lines for
the results of regional comparisons of the various methods. For

correlation of these results, 1 VOI was excluded, as the gold
standard VT (VT derived from NLR) for this VOI was considered
to be unrealistically high (2.06) compared with those for all other
VOIs. However, because no obvious reason for the inaccuracy of
this data point could be found in PET or blood data, the data point
is shown in the scatterplots. For the sake of completeness, scatter-
plots and regression analysis results for data including this outlier
are given in Supplemental Figure 1.
The best results for LGA were obtained with a start time of

30 min (R2, 0.88; ICC, 0.93) (Fig. 4A; Supplemental Table 1).
For SA, a set of 30 basis functions with exponents ranging from
0.0175 to 1.9 min21 yielded the best results (R2, 0.79; ICC, 0.81)
(Fig. 4C; Supplemental Table 2). Better correlations were
achieved by selecting different boundaries for the basis function
exponents (e.g., an R2 of 0.87 for exponents ranging from 0.01 to
3.0 min21). However, this approach also changed the slope of the
regression line and decreased the absolute correspondence with
NLR-derived VT (ICC, 0.76). VB values obtained from SA
showed significant correlations with corresponding NLR results
(R2, 0.89; ICC, 0.93). K1 values showed no correlation (R2,
0.09).
Figure 4B shows comparisons of SUVr with VT (R2, 0.85; ICC,

0.80). Figure 4D shows the relative differences between VTs de-
rived from LGA and VTs derived from SA as a function of VB. A
typical example of the relative differences at the voxel level is
shown in Figure 3E. Figure 3F shows the relative differences
between SUVr and SA-derived VT. Bland–Altman plots for the
various methods compared with NLR are given in Supplemental
Figure 2.

DISCUSSION

18F-FAZA is a nitroimidazole-based PET tracer for noninva-
sively assessing tumor tissue pO2 levels. For 18F-FAZA to be used
for this purpose, accurate quantification of specific tracer uptake is
required. The present study validated the use of 2 parametric
methods for quantification at the voxel level.
All methods were compared with NLR. Because NLR is

sensitive to noise, the comparison was VOI based. This approach
could lead to quantification errors in areas with marked variations
in PET signal because such variations could be averaged out.
Because hypoxia is expected to be heterogeneously distributed
within a tumor, so is 18F-FAZA uptake. To take possible errors due to
heterogeneity into consideration, we included in the analysis multi-
ple smaller VOIs that were defined within areas of the tumor show-
ing various characteristics (such as relatively high or low PET signal

FIGURE 1. Axial images of typical patient diagnosed with non–small

cell lung cancer. (A) Low-dose CT. (B) 18F-FAZA averaged image for

interval from 40 to 70 min after injection, illustrating tumor uptake. White

arrow indicates location of tumor (tumor size, 76 mL). HU 5 Hounsfield

units.
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or differences in VTs derived from the 2 parametric methods). The
results for these smaller VOIs were found to be consistent with those
for the other VOIs.
Both parametric methods produced VTs showing high correla-

tions with those obtained from a full kinetic analysis. However, as
shown in Figures 3 and 4, some differences between the methods
were observed. Figures 3D and 3E indicated that these differences
might be explained by high blood volume fractions within voxels
because LGA does not incorporate blood volume correction. Re-
gional analysis, however, showed no correlation of VB with differ-
ences between VTs derived from LGA and VTs derived from SA.
LGA performed well (R2, 0.88; ICC, 0.93), although some in-

creased variability was observed at relatively low as well as rela-
tively high VT. A possible explanation is that even though a start
time of 30 min generally led to the highest correlation with NLR-
derived VTs, for some VOIs, particularly those with high VTs, the
second term in Equation 6 might not yet have been constant at that
start time. The observed bias at high VT can indeed be decreased
by selection of a later start time (e.g., 40 min after injection)
(Supplemental Fig. 3), but this approach leads to errors for other
VOIs. Another explanation is noise-induced bias. LGA is known
to have noise-induced bias, particularly at high VT, causing un-
derestimation (25). LGA performance could be somewhat im-
proved (R2, 0.90; ICC, 0.94) by fitting Equation 6 with orthogonal
regression analysis (26).
SA results showed high correspondence with NLR-derived VTs

(R2, 0.79; ICC, 0.81). The disadvantages of SA are the sensitivity
of the method to minor changes in input parameters and long
computing times (;10 times longer than LGA). As shown in
Supplemental Figure 2, SA results were more variable than
LGA results; this finding was expected because more parameters
need to be estimated in SA. However, SA also has advantages. VB

values correlated highly with those obtained from NLR (R2, 0.89).

Calculating VB may be useful as a quality assurance step and for
providing information on tumor vascularity. Estimates of K1 by
SA and NLR were markedly sensitive to noise. For the final se-
lection of input parameters, no correlation was found between SA-
derived and NLR-derived K1 values (R2, 0.09) when all VOIs were
considered. Correlation was improved when the analysis was lim-
ited to larger VOIs (R2 for VOI sizes of .10 mL, 0.52), illustrat-
ing the influence of noise on estimates of K1 with SA.
Both parametric methods required an elaborate imaging pro-

tocol consisting of dynamic PET imaging and blood sampling. For
18F-FAZA, use of the IDIF in combination with venous blood
sampling instead of (continuous) arterial blood sampling has been
validated (17), simplifying the protocol. However, the need for
venous blood sampling and metabolite analysis may still limit
the clinical applicability of the presented methods. In the study
of Verwer et al. (17), metabolite formation was observed to be
slow, plasma-to-blood ratios were typically equal to 1, and both
measures showed limited interpatient variability. Indeed, omission
of the corrections for plasma-to-blood ratios and parent fractions
led to an underestimation of VTs by only 8%. These findings need
to be further substantiated under various clinical conditions but
hint at the possibility of using the whole-blood IDIF, which would
improve the clinical feasibility of the acquisition protocol.

FIGURE 3. Typical examples of parametric images for whole-tumor

VOIs. (A) VTs derived from LGA with start time of 30 min after injection.

(B) SUVr based on PET data acquired 50–60 min after injection. (C and

D) VTs (C) and VB (D) derived from SA with input response function

consisting of weighted sum of 30 basis functions and exponents ranging

from 0.0175 to 1.9. (E and F) Relative differences between LGA-derived

VT and SA-derived VT (E) and between SUVr and SA-derived VT (F),

where relative difference was calculated as [(VT, LGA, or SUVr − VT,SA)/

(VT, LGA, or SUVr 1 VT,SA) · 2].

RGB

FIGURE 2. Blood data with time–activity curve derived from ascend-

ing aorta (dashed line), metabolite-corrected image-derived plasma in-

put function (solid line), and whole-blood activity concentrations

obtained from 6 manually collected arterial blood samples (n). For this

patient, 1 blood sample was omitted for logistic reasons.
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Nevertheless, in routine clinical settings, a static imaging protocol
may be preferable because dynamic imaging generally requires
longer imaging times and may therefore be more costly and more
prone to artifacts related to patient motion. Therefore, SUVr was
also investigated. For calculation of SUVr, typically a short-
duration (e.g., 10-min) static PET/CT scan is acquired at a late
time point (.50 min after injection). Tumor tissue and blood
activity concentrations are then derived from the PET image di-
rectly. The blood pool will not be clearly visible on the late PET
image, but this characteristic will not be a limitation with respect
to deriving blood activity concentrations because the ascending
aorta and aortic arch are clearly identifiable on the low-dose CT
image. However, it can lead to considerable quantification errors
caused by the blood volume in the tumor tissue VOIs because
SUVr does not correct for VB (Fig. 3F). In the present analysis,
VOIs were manually adjusted to exclude areas of markedly high
VB (i.e., visible blood vessels) by use of early PET frame data,
thereby reducing potential errors caused by high VB. With a static
imaging protocol, this quality assurance step cannot be performed.
In future applications, this limitation of SUVr should be consid-
ered. In the present analysis, regional SUVr estimates showed high
correlations with NLR-derived VT (R2, 0.85) but significant neg-
ative bias, particularly at high VT.
Which method should be used in clinical settings ultimately

depends on the clinical objective. For assessing whether tumor

tissue is hypoxic or not, defining a suit-
able threshold for the quantification pa-
rameter used could be sufficient. Depend-
ing on the threshold, systematic bias and
underestimation at high VT (like those ob-
served with SUVr) might not affect clini-
cal conclusions. In that situation, SUVr
would be the method of choice because
both the method and the acquisition pro-
tocol are straightforward. Large clinical
trials relating quantification parameter val-
ues to clinical outcomes are needed to as-
sess whether the observed bias in SUVr
results in clinically relevant quantification
errors. For purposes requiring more de-
tailed information, such as radiation dose
painting and early response monitoring
(for which the ability to assess minor var-
iations is essential), accurate voxel-by-
voxel quantification is required. In such
scenarios, parametric methods are recom-
mended. SA is more versatile than LGA
but shows larger variability. On the other
hand, LGA results may be affected by the
lack of blood volume correction. However,
the effect will be less pronounced for LGA
than for SUVr because with LGA, early
PET frame data are available for excluding
large blood volume regions.
Even though the parametric methods

performed well in the present study, clin-
ical conditions are likely to change over
the course of a response monitoring study.
Longitudinal trials are needed to evaluate
the robustness of the methods under vari-
ous clinical conditions. It would also be of

interest to directly compare 18F-FAZA voxel VTs derived from the
parametric methods with localized pO2 needle electrode measure-
ments to assess the relationship between VT and tissue pO2 levels.
However, such a study would be invasive and feasible only for
superficial tumor structures.

CONCLUSION

Both LGA and SA produced accurate VT images for the quan-
tification of 18F-FAZA. Additionally, the latter also produced ac-
curate VB values. SUVr also correlated well with NLR-derived VT

but showed significant bias, particularly at high VT.
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FIGURE 4. (A–C) Regional VTs for all tumor VOIs obtained from LGA (VT,LGA) (A), regional SUVr (B),

and SA (VT,SA) (C) as function of VTs derived from NLR (VT,NLR). (D) Differences between VTs derived

from SA and VTs derived from LGA {percentage relative difference was calculated as [(VT,LGA − VT,SA)/

(VT,LGA 1 VT,SA) · 200]} as function of VB derived from NLR. Solid line5 regression line through all data

points, excluding 1 suspected outlier (*). Dashed line 5 line of identity.
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