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Abstract. Purpose: Positron emission tomography (PET)
has gained widespread use in cancer diagnosis and
treatment, but how many malignant cells are required for
a tumour to be detected by PET?
Methods: Three human cancer cell lines [glioblastoma and
two subtypes of small cell lung cancer (SCLC)] in
concentrations from 104 to 107 were seeded on six-well
plates or plastic tubes and treated with [18F]fluorodeoxy-
glucose (FDG) in vitro. FDG retention was measured in a
PET/CT scanner and in a calibrated well counter. The
clinical situation was simulated using a cylinder phantom
with a background concentration of FDG.
Results: The theoretical detection limit was found to be
around 105 malignant cells. In a cylinder phantom the
detection limit was increased by a factor of 10. The FDG
retention by the glioblastoma cell line was significantly
higher than the activity of the SCLC cell line. FDG
retention measured by PET and a gamma counter was
closely correlated to the number of cells and a linear
relationship was found.
Discussion: The detection limit of PET is in the magnitude
of 105 to 106 malignant cells. The experimental set-up was
robust and well suited as a platform for further investiga-
tions of factors influencing the detection limit of PET.
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Introduction

Positron emission tomography (PET) has gained wide-
spread use in the diagnosis and staging of cancer, as well
as in treatment planning and evaluation. In this respect,
[18F]fluorodeoxyglucose (FDG) is by far the most
commonly used PET tracer, exploiting the increased
glucose uptake and metabolism in malignant cells [1]. 18F
decays by positron emission followed by annihilation
under emission of two 511-keV photons. Movement of the
positron before annihilation and slight variations in the
angle between the two photons limit the spatial resolution
of clinical PET [2]. Current clinical systems are capable of
4–5 mm spatial resolution, and evidence for the sensitivity
of PET in detecting tumours smaller than 10 mm is now
emerging [3, 4].

Accurate diagnosis of a tumour by PET is not only
dependent on the anatomical size: the metabolism of the
specific cancer cells, the localisation of the tumour, the
uptake of FDG in the surrounding tissue and the number of
viable malignant cells in the tumour are all decisive. Most
of these factors are well described, but in this study we set
out to answer the apparently simple question: How many
malignant cells are required for a tumour to be detected by
FDG-PET?

Materials and methods

Cell lines

Three human cancer cell lines were used in the study: two subtypes
of small cell lung cancer (SCLC) cell lines, CPH54A and CPH54B
[5] and one glioblastoma cell line, U373. Cells were grown in
monolayer and maintained in modified Eagle’s medium (Gibco BRL)
without antibiotics under standard cell culture conditions.

Detection limit experiment

Twenty-four hours prior to the experiments, duplicate wells
containing 104, 105 and 106 cells of the cell lines CPH54B and
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U373 were seeded on three six-well plates each and allowed to attach
(Fig. 1). Prior to treatment with FDG the cells were incubated with
glucose-free medium for 30 min. FDG corresponding to an activity
of 0.1 MBq/ml at scan time was added to each well. After incubation
with FDG for 30 min, the cells were washed twice with phosphate-
buffered saline and 3 ml of fresh growth medium was added to each
well [6]. Two six-well plates with each cell line were scanned,
together with an empty control plate not treated with FDG. Cells
from the third six-well plate were harvested and counted in a
haemocytometer.

Cell quantification experiment

In order to explore the possibility of quantification by FDG-PET,
cells were seeded in cell culture flasks (Fig. 2). Growth medium was
removed and 25 ml of glucose-free medium was added. Cells were
pre-incubated for 30 min, before an FDG dose corresponding to
0.1 MBq/ml at scan time was added to the glucose-free medium.
FDG and medium were removed after 30 min; cells were washed in
PBS, harvested and counted. Appropriate cell numbers were
transferred to test tubes, and growth medium was topped up to a
total volume of 3 ml in each tube. CPH54A cells (0, 104, 5×104, 105,
5×105, 106, 2×106, 5×106, and 107 cells per tube) were evaluated in a
well counter and then PET scanned. This experiment was repeated
four times to assure reproducibility. U373 cell (104, 105 and 106 cells
per tube) were placed in the cylinder phantom and PET scanned to
simulate a clinical setting with background radiation (4.1 MBq/l at
scan time).

Quantification of FDG retention

FDG retention was measured in a PET/CT scanner (GE Discovery,
General Electric Medical Systems, Milwaukee, WI, USA), with a
maximal spatial resolution of 4 mm, an image matrix of 256×256 and
a pixel size in reconstructed images of 1×1 mm2. Using a static PET
scan, each six-well plate was measured for 5 min. CT scan (140 kV
and 10 mA) was used for attenuation correction. PET raw data were
reconstructed using ordered subset expectation maximisation
(OSEM, 2 iterations, 28 subsets, port filter 6 mm).

A separate experiment was performed in order to test the
sensitivity of the equipment. Activity could be visualised (5-min
frame) by the PET/CT scanner when the concentration in one well
was as low as 50 Bq/ml; the very smallest amount of activity
detectable by the PET/CT scan is even lower (<10 Bq). Similarly, in
the well counter the background radiation was below 20 cpm, and we
therefore had sensitivity down to 1 Bq.

It was verified that a surplus of FDG was offered to the cells by a
12-h emission scan; thus the offered amount of FDG was not a
limiting factor for the FDG uptake.

A region of interest (ROI) was defined over each well (ROI size
of 10 cm2, Fig. 3) or tube (ROI size of 3 cm2, Fig. 5) and the FDG
retention as average Bq/cc (becquerels per cubic centimetre) was
determined. The average retention of FDG by a single cell was
estimated by dividing the decay-corrected uptake (Bq/cc) with the actual
number of cells counted in a haemocytometer (cells/cc). The tubes
containing CPH54A cells for the quantification study were also
evaluated for 1 min in a calibrated well counter (Cobra II gamma
counting system, model 5003; Packard, Meriden, CT, USA). Results are

Fig. 1. Preparation of six-well plates for the detection limit experiment

Fig. 2. Experimental set-up for cell quantification and scanning in cylinder phantom
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Fig. 3. a,b Coronal PET images
of six-well trays with CPH54B
and U373 cells in three different
concentrations. ROI shown over
the right row of wells. c Average
retention of FDG per volume by
CPH54B and U373. FDG re-
tention reported as Bq/cc from
coronal PET images. Results are
decay corrected and shown on a
log scale. Error bars represent
one standard deviation. d Aver-
age retention of FDG by
CPH54B and U373 correlated
significantly with the actual
number of cells in each well
(shown on double log-scale;
rs=1.00, p<0.01 for both cell
lines). For a more similar
weighting of all observations,
coordinates were log-trans-
formed before linear regression
analysis. Good linearity was
found: r2 equals 0.97 for
CPH54B and 0.95 for U373

Fig. 4. a Transaxial PET images
of cylinder phantom with tubes
containing 105, 106 and 107

cells (U373). The tube with 107

cells is visible on all shown
slices; 105 cells is not visible in
this set-up. b Photo of cylinder
phantom, placed in PET/CT
scanner, with tubes containing
105, 106 and 107 cells
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Fig. 5. a Coronal PET images of
FDG uptake by 104–107

CPH54A cells. ROI corre-
sponding to each tube is shown.
b Photo of a tube placed in the
PET/CT scanner

Fig. 6. a Results from each experiment (tubes with CPH54A)
shown as cpm on log scale. b Significant correlation (rs=0.95,
p<0.001) and linearity (r2=0.93) between number of cells and cpm
from gamma counter (normalised as percent of added dose per
volume (p.a.d.) on log scale). c Significant correlation (rs=0.83,
p<0.001) and linearity (r2=0.92) between number of cells and total

emission counts from PET/CT (normalized as p.a.d.) on log scale.
d Significant correlation (rs=0.83, p<0.001) between number of
cells and average uptake per volume estimated from PET images
(normalized as p.a.d.), shown on log scale. Linearity was less
convincing: r2=0.74
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reported as counts per minute (cpm). Signals detected by PET imaging
and gamma counting were decay corrected and normalised to the
amount of FDG initially added per volume. Therefore, the FDG
retention can be compared between experiments and cell lines; these
results are presented as p.a.d. (percent of added dose per volume).

Finally, tubes with U373 in numbers of 105, 106 and 107 were
scanned in a cylinder (diameter 216 mm) phantom (Hot Spot, Data
Spectrum, Hillsborough, NC, USA). After insertion of the tubes the
phantom was filled with distilled water (6.1 l) and 25 MBq of FDG
was added immediately prior to the PET scan. This background
concentration of 4.1 MBq/l imitates the background in a 70-kg
patient treated with 400 MBq 1 h prior to PET scanning (assuming
that the decay-corrected activity is equally distributed in the
patient) [7].

Statistical analysis was performed using non-parametric statistics
(Mann Whitney, two-tailed analysis). Significance of correlation was
tested by Spearman’s ρ (rs) and linearity was estimated from the
correlation coefficient determined by linear regression (r2).

Results

Detection limit

In this experiment, the number of cells corresponding to the
detection limit of the PETscanner was investigated, and the
results are presented in Fig. 3. Coronal images and
quantification of six-well plates with the cell lines
CPH54B and U373 are shown in Fig. 3a and b. The
retention of FDG by the two cell lines is visibly different.
The wells with a monolayer of 105 cells are visually
different from the background, although this is more
obvious for U373 than for CPH54B. Fig. 3c presents the
average decay-corrected retention of FDG for the cell lines.
The average activity in the wells containing 105 cells is
significantly higher than the background in both cell lines
(p<0.05). In the wells with 104 cells, we did not detect
activity significantly above background levels. The activity
of U373 cells was significantly higher (p<0.03) than that of
CPH54B cells. In Fig. 3d, the FDG retention by U373 and
CPH54B is related to the actual number of cells counted in
each well on the third plate (not scanned). The average
retention by a single U373 cell was 0.015 Bq, whereas it
was 0.003 for a CPH54B cell. We found FDG retention and
the number of cells to be correlated (rs=1.00, p<0.01) for
both cell lines. Correlation coefficients r2=0.97 (CPH54B)
and r2=0.95 (U373) indicated a linear relationship, from
which the theoretical detection limit can be estimated.

Figure 4 shows transaxial PET images of tubes with
U373 cells, placed in a cylinder phantom simulating typical
background radiation from a human body. In this situation,
only the tubes with 106 and 107 cells are visible, indicating
a clinical detection limit of around 106 cells.

Cell quantification

The aim of this experiment was to demonstrate a linear
relationship between the number of tumour cells and FDG
retention, as well as the agreement between different
evaluation methods. Figure 5 presents PET images of
different numbers of CPH54A cells in tubes containing
growth medium; 105 was the smallest number of cells that
could readily be imaged.

This experiment was repeated on four different occa-
sions, and as demonstrated in Fig. 6a, the results were
robust from experiment to experiment. A significant
correlation between cell number and FDG retention was
found regardless of the detection method, as shown in
Fig. 6b–d (p<0.001). Cell numbers and FDG retention
evaluated by a gamma counter showed a good linear
correlation (r2=0.93). Cell numbers and FDG retention
evaluated by total emission counts in the PET scanner also
correlated in a linear fashion (r2=0.92). However, the
linearity between cell numbers and the signal detected on
PET images was less convincing (r2=0.74). As the latter
method only includes counts from the manually drawn
ROI, complete correlation cannot be expected. Similarly,
we observed good linearity between measurements of FDG
retention by gamma counter and by total emission counts in
the PET scanner (Fig. 7a), whereas the correlation between
results from the gamma counter and signal detected on PET
images was less robust (Fig. 7b).

Discussion

In this study, the detection limit of FDG-PET was
examined by scanning cancer cells treated with FDG in
vitro. Our findings indicate that the theoretical detection
limit of the present FDG-PET technology is in the
magnitude of 105 tumour cells, depending on the glucose
turnover of the specific cancer. Differences in glucose
metabolism between the SCLC and glioblastoma cell lines

Fig. 7. a Linear correlation
(r2=0.99) between results ob-
tained in a gamma counter and
total emission counts from PET.
b Linear correlation (r2=0.92)
between results obtained in a
gamma counter and average re-
tention from PET images
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were apparent. We estimate that such differences may
influence the detection limit by a factor of 5–10.

We also presented a method for quantification of cell
numbers by FDG-PET: The number of cancer cells
correlated with the FDG retention, regardless of whether
it was determined by gamma counter, total emission counts
in the scanner or average retention on PET images. This,
and the reproducibility of our observations, confirms that
our experimental set-up is a reasonable model for
estimation of number of cancer cells by FDG-PET.

These findings could be valuable when designing in
vitro studies to evaluate the effect of new anti-cancer drugs
on FDG retention by malignant cells. In principle, cell
death (i.e. metabolic arrest) can be estimated from the
results obtained by the gamma counter or PET. However,
the relationship between the number of viable cells and
FDG retention can vary substantially depending on the
cancer cells, and especially in relation to differences in
glucose metabolism. Our findings are in good agreement
with results from a different set-up [8] describing the
correlation between PET signal and cell number by a non-
FDG strategy. The use of FDG, widely employed in
different clinical settings, makes our study relevant to
cancer diagnostics.

A clinical setting was simulated using a cylinder
phantom with background radiation; this increased the
detection limit by a factor of approximately 10. We expect
similar results in patients, corresponding to a detection
limit in the magnitude of 106 cells, depending on the
specific cancer studied. Findings in a casuistic report are in
agreement with this [9]. An approach to the differences in
detection limit due to the specific uptake of FDG by
different cell lines could be to tailor the FDG dose, uptake
and scan time according to the specific cell type in
question. Whether this would be relevant and feasible
could be a subject for future studies. The diameter of a
tumour of 106 cells is approximately 1 mm [10], just
detectable by CT but below the spatial resolution of present
PET technology. However, as indicated by our results, such
a small tumour could still be detectable by PET. This
strengthens the theoretical relevance of PET, e.g. for
screening purposes. Furthermore, it indicates that the
detection limit of a PET/CT scanner is in the range of
another emerging FDG technology—intraoperative posi-
tron probe (sensitivity 2.6 cps/kBq, ability to distinguish
FDG-avid areas <5 mm) [11, 12].

Conclusion

The detection limit of PET is in the magnitude of 105 to 106

malignant cells, provided that the minimum uptake of FDG
corresponds to an activity of approximately 50 Bq/ml. In a

clinical setting, the detection limit is estimated to be 10
times larger, but still below the spatial resolution of PET.
The detection limit varies by a factor of 5–10 according
to the glucose metabolism of the specific cell type in
question. The experimental set-up described in this study
is well suited as a platform for further investigations of
factors influencing the detection limit of PET, e.g.
respiratory movement, density, size and therapy.
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