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Abstract

Purpose By targeting somatostatin receptors (sst) radiopep-

tides have been established for both diagnosis and therapy. For

physiologically normal human tissues the study provides a

normative database of maximum standardized uptake value

(SUVmax) and sst mRNA.

Methods A total of 120 patients were subjected to diagnostic
68Ga-DOTATOC positron emission tomography (PET)/CT

(age range 19–83 years). SUVmax values were measured in

physiologically normal tissues defined by normal morphol-

ogy, absence of surgical intervention and absence of

metastatic spread during clinical follow-up. Expression of

sst subtypes (sst1–sst5) was measured independently in

pooled adult normal human tissue by real-time reverse

transcriptase polymerase chain reaction (RT-PCR).

Results SUVmax revealed a region-specific pattern (e.g.,

mean±SD, spleen 31.1±10.9, kidney 16.9±5.3, liver 12.8±

3.6, stomach 7.0±3.1, head of pancreas 6.2±2.3, small

bowel 4.8±1.8, thyroid 4.7±2.2, bone 3.9±1.3, large bowel

2.9±0.8, muscle 2.1±0.5, parotid gland 1.9±0.6, axillary

lymph node 0.8±0.3 and lung 0.7±0.3). SUVmax was age

independent. Gender differences were evident within the

thyroid (female/male: 3.7±1.6/5.5±2.4, p<0.001; Mann-

Whitney U test) and the pancreatic head (5.5±1.9/6.9±2.2,

p<0.001). The sst mRNA was widely expressed and

heterogeneous, showing sst1 to be most abundant. SUVmax

values exclusively correlated with sst2 expression (r=0.846,

p<0.001; Spearman rank correlation analysis), whereas there

was no correlation of SUVmax with the expression of the

other four subtypes.

Conclusion In normal human tissues 68Ga-DOTATOC

imaging has been related to the expression of sst2 at the

level of mRNA. The novel normative database may

improve diagnostics, monitoring and therapy of sst-

expressing tumours or inflammation on a molecular basis.

Keywords Somatostatin receptors . sst . Somatostatin

analogues . PET/CT. RT-PCR . Normal values

Introduction

Acting as first messengers, neuropeptides are required for

cell-to-cell communication to modulate neurotransmission

as well as somatic functions including tissue growth and

apoptosis [1–4]. The neuropeptide somatostatin (SOM) is

produced within the hypothalamus, throughout the central

nervous system and in most peripheral organs by cells of

the autonomous nervous, the neuroendocrine, the inflam-
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matory and the immune systems [1, 2, 5]. Expression of

somatostatin receptors (sst) and that of SOM are not always

matched; SOM may act at the site of release, the post-

synapse, adjacent cells, and via the circulation [1, 6, 35]. At

the cellular level, sst have been found on the plasma

membrane, but also in the cytosol, where they may either

represent soluble forms of sst differing from the membrane

species, receptor-mediated peptide internalization or simple

turnover of receptors (receptor recycling) [2]. Five sst

subtypes have been cloned and characterized to bind SOM

with nanomolar affinity [1, 5–7]. All five receptor subtypes

(sst1 to sst5) are G protein coupled sharing common

signalling pathways [2, 3]. Moreover, subtype-specific

effector mechanisms have indicated heterogeneity of sst

functions [1, 3, 8]. Clinical and experimental studies have

evidenced a pathogenetic involvement of SOM and sst in

neoplasia; consequently, targeting tumours expressing sst

subtypes with radiolabelled somatostatin agonists has

become an established means for diagnosis, therapeutic

monitoring and therapy [9–11]. Moreover, SOM and sst

have also been shown to be involved in non-neoplastic

pathological conditions, such as inflammation [12–15].

The somatostatin agonist 68Ga-DOTATOC (68Ga-1,4,7,10-

tetraazacyclododecane-N,N′,N″,N′″-tetraacetic acid-D-Phe1-

Tyr3-octreotide) and positron emission tomography (PET)

(/CT) have been used successfully for diagnosis and

therapeutic management of sst-expressing tumours [16–18].

In this respect, 68Ga-DOTATOC uptake has been related to

the expression of sst2 at the protein level as well as at the

transcriptional level [19]. However, data on these relation-

ships in physiologically normal tissue are few and partly

lacking. Moreover, normal tissue uptake of 68Ga-DOTATOC

including age and gender differences has not been addressed

in a large population. To date, several biodistribution studies

using different somatostatin analogues have addressed

regional tracer kinetics, however, mainly for dosimetry of

tumour and normal tissues [14, 16, 20–22]. To establish a

normative synoptic database, we applied two independent

quantitative approaches to human sst, i.e. in vivo imaging

with 68Ga-DOTATOC PET/CT and measurement of sst

expression by real-time reverse transcriptase polymerase

chain reaction (RT-PCR).

Materials and methods

Patients

A total of 120 patients (female/male 60/60, age 53.8±

12.7 years, range 19.1–83.0 years) who underwent routine

diagnostic whole-body 68Ga-DOTATOC PET/CT in our

institution were enrolled in the retrospective analysis.

General exclusion criteria were recent chemotherapy,

therapy with somatostatin analogues or radiopeptides and

systemic inflammatory or infectious diseases. In the

selected 120 patients, the clinical indications for the PET/

CT scan were confirmed or suspected sst-expressing

malignancy, i.e. gastroenteropancreatic neuroendocrine tu-

mour (NET) (n=66), other NET (n=28) and NET of

unknown primary (n=26).

Radiopharmaceutical

Synthesis of 68Ga-DOTATOC was performed according to

the method previously described by Zhernosekov et al.

[23]. 68Ga was obtained from a 68Ge/68Ga radionuclide

generator (Eckert & Ziegler, Berlin, Germany). Overall

preparation time was about 60 min with a radiochemical

yield of 60–70%. The mass of peptide (DOTATOC) applied

per PET scan was 10±4 μg (range 3–20 μg). Quality control

carried out with two thin-layer chromatography systems

revealed a radiochemical purity of >98%. Routinely, sterility

tests and bacterial endotoxin tests were performed after decay

according to the European Pharmacopoeia out of the reference

sample.

68Ga-DOTATOC PET/CT

All patients had a full-dose, contrast-enhanced (“fully

diagnostic”) whole-body 68Ga-DOTATOC PET/CT and

did not receive positive oral contrast media but water-

equivalent contrast. One hour before the examination, all

patients received 1,000 ml of a water-equivalent oral

contrast agent (0.2% locust bean gum and 2.5% mannitol

dissolved in water). 68DOTATOC PET/CT imaging was

performed using a dedicated PET/CT system (Biograph

Duo™, Siemens Medical Solutions, Hoffman Estates, IL,

USA) composed of a dual-slice CT system (Somatom

Emotion™, Siemens Medical Solutions, Forchheim,

Germany) and a full-ring PET with bismuth germanate

crystals (ECAT HR+™, Siemens Molecular Imaging,

Hoffman Estates, IL, USA). CT was performed first,

followed by PET. Whole-body CT (130 mAs, 130 kV,

5-mm sections, 8-mm table feed, 2.4-mm incremental

reconstruction) covered a region ranging from just below

the eyes to the upper thighs; 140 ml of an iodinated contrast

material (Ultravist 300™, Schering AG, Berlin, Germany)

was given intravenously at a flow rate of 3 ml/s for the first

90 ml and 1.5 ml/s for the remaining 50 ml (start delay

50 s). A limited breath-hold technique was used to avoid

motion-induced artefacts. PET images were obtained after

an uptake time of 66±36 min (range 24–308 min) after

intravenous injection of 92±17 MBq (range 35–138 MBq)
68Ga-DOTATOC.

Iterative algorithms [Fourier rebinning (FORE) and

attenuation-weighted ordered subset expectation maximiza-
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tion (AWOSEM), nonlinear] with 2 iterations and

8 subsets were used for image reconstruction, followed

by a post-reconstruction 3-D Gaussian smoothing filter

of 5-mm full-width at half-maximum (FWHM). Image

reconstruction was performed with and without PET

attenuation correction. Data obtained from CT were used

for attenuation correction of the PET emission data. The

default transverse emission images had 128×128 voxels

with a transverse pixel size of 5.0×5.0 mm2 and an axial

slice width of 2.4 mm. The reconstructed spatial resolu-

tion for 68Ga of the PET/CT system used was determined,

a value needed to discuss aspects pertaining to partial

volume effect. The detailed description of the resolution

phantom, its measurement and reconstruction have been

published by our group [24]. In short, a cylindrical

phantom (20-cm axial length, 20-cm outside diameter)

contained line sources orthogonal to the transverse plane

(or parallel to the PET system axis). The cavity of the

phantom was filled with non-radioactive water. The line

source, consisting of a refillable polyethylene tubing (0.8-

mm inner diameter), was looped back through the

phantom to provide four distances of 1 and 7 cm from

the central axis of the scanner’s field of view (FOV):

(x=1 cm, y=0), (x=7 cm, y=0), (x=0, y=1 cm), (x=0,

y=7 cm). The transverse spatial resolution was deter-

mined at four positions each at the centre (z=0) and one

fourth of the scanner’s FOV (z=±1/4 FOV). The identical

reconstruction algorithm and parameters were used as in

the patient study, but the transverse emission images had

512×512 voxels with a voxel size of 0.53×0.53×2.0 mm3.

The image spatial resolution was expressed as FWHM. The

width of the reconstructed line spread function in the

tangential and radial directions was measured for each

line source position. These line profiles were fitted with

a Gaussian function. The average values in the tangen-

tial and radial directions obtained at transverse (1 and

7 cm) and axial positions (centre and ±1/4 FOV) were

calculated.

Evaluation of target tissues in PET/CT

In each patient apparently normal target tissues were

defined by normal morphology on the CT being part of

the 68Ga-DOTATOC PET/CT and normal history (including

absence of surgery). Additionally, target tissues were

excluded that were involved in metastatic spread during a

clinical follow-up of 12 months. The following target

tissues were defined for the determination of the maximum

standardized uptake value (SUVmax): (r/l: right/left, paired

organs): parotid gland (r/l), heart, lung (r/l), liver, spleen,

stomach, small bowel (distal part of the duodenal “C”),

large bowel (colon ascendens), pancreas (head, body, tail,

uncinate process), thyroid gland, adrenal gland (r/l), kidney

(whole organ volumes of interest; r/l), bone (T12

vertebra), muscle (erector spinae at T12), axillary (r/l)

and inguinal (r/l) lymph nodes. First, the CT images

were evaluated separately to exclude suspected tumours

or non-neoplastic pathological conditions in target

tissues. Attenuation-corrected PET images as well as

PET/CT images were analysed. To exclude artificially

elevated tracer uptake, the non-attenuation-corrected PET

images were also read. For quantitative evaluation,

SUVmax was measured using regions of interest drawn

on the fused PET/CT (AW Suite™ Volume Viewer Plus™

software, GE Healthcare, Munich, Germany). Each target

tissue or respective organ was entirely covered. In bilateral

organs, such as adrenals, the mean SUVmax of right and

left was calculated additionally. All PET/CT images were

independently evaluated by three experienced physicians

of the departments.

Tissue and RNA samples and quantitative real-time

RT-PCR

Determination of sst (sst1–sst5) expression at the level of

mRNA (RNA molecules/μg total RNA) was done as

previously described by our group ([25–27]; see supplemental

material). Total RNAs obtained from several human

tissues were components of the Human Total RNA

Master Panel II from BD Biosciences (BD Biosciences,

Heidelberg, Germany). The adult tissues analysed were:

brain, cerebellum, spinal cord, pituitary, thyroid gland*,

adrenal gland*, heart*, trachea, lung*, pancreas*, liver*,

spleen*, stomach*, small intestine*, colon*, kidney*,

testis, prostate, ovary, uterus, placenta, salivary gland*,

skeletal muscle* and bone marrow* (*tissue sample

anatomically matching a respective target region of the

PET/CT).

Statistical analysis and data evaluation

Data are expressed as mean±SD. All statistical analyses

were performed using commercial software (IBM SPSS

Statistics 18, SPSS Inc., Chicago, IL, USA). Following

one-way analysis of covariance (ANCOVA) of SUVmax

data with laterality (in bilateral organs), age, gender, mass

(of DOTATOC) and uptake time (interval between tracer

injection and PET acquisition) as covariates, differences

between the means of two variables were evaluated by the

two-sided Mann-Whitney U test. Associations of somato-

statin receptor expression between sst subtypes and with

regional SUVmax (uptake data of 120 subjects) were tested

by two-sided Spearman rank correlation analysis. A value

of p<0.05 was considered statistically significant. To

account for multiple comparisons, the Bonferroni method

was applied.
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Results

68Ga-DOTATOC imaging

Regional tracer accumulation was heterogeneous within the

120 subjects studied (Fig. 1) with the highest uptake of 68Ga-

DOTATOC within the spleen. Scatter plots of regional

SUVmax data were displayed in logarithmic scale (Fig. 2).

There were no significant influences of the covariates age,

tracer mass, uptake time and laterality on SUVmax. Conse-

quently, in bilateral organs averaged data of right and left

sides were used for further analyses. However, 2 of the 19

target regions studied by PET/CT revealed significant gender

differences: in the thyroid gland, SUVmax of male subjects

exceeded that of female subjects by about 50% (female/male

3.7±1.6/5.5±2.4, p<0.001, Mann-Whitney U test) and in the

pancreatic head by about 25%, respectively (female/male

5.5±1.9/6.9±2.2, p<0.001). Descriptive statistics of regional

SUVmax data are diplayed in Tables 1, 2 and 3. Within the

entire population of 120 subjects (Table 1) three major

categories of tracer uptake were evident: regions with a

physiologically low mean uptake (SUVmax<1; e.g. lymph

nodes and lung), high uptake regions (SUVmax >10; e.g.

liver, adrenals, kidneys and spleen) and “intermediate”

regions with SUVmax values ranging between the latter two

groups. SUVmax values covered a wide range, with spleen

demonstrating the highest value approximately two orders of

magnitude higher than lung tissue. However, for each tissue,

SUVmax values demonstrated a remarkably low variability

with coefficients of variation between 25 and 48%. Regions

with intermediate uptake revealed slight and, partly, significant

differences (Tables 1 and 3). For instance, in the gut SUVmax

decreased towards the colon. Moreover, the pancreas head

and, especially, the uncinate process tended towards higher

SUVmax values than pancreatic body or tail. Notably, with the

exception of the suprarenal gland, SUVmax of the liver

significantly differed from that of all other regions. Addition-

ally, considering the intended clinical use of the present

normative database, SUVmax data were evaluated for those

subjects measured within a strict time window of 30–90 min

post-injection (Table 2; n=99, female/male 48/51; age 55.5±

12.9 years, range 19.1–83.0 years, time post-injection 55.5±

14.7 min, range 31–90 min); likewise, for this subgroup

ANCOVA did not reveal influences of age, tracer mass,

uptake time and laterality on SUVmax. As displayed in

Table 2, regional SUVmax values were comparable to that

of the whole population with slightly different variation

coefficients (e.g. in the subgroup the uncinate process

SUVmax was significantly different from that of all other

pancreatic tissues including pancreas tail region). Moreover,

in this subgroup, gender differences appeared to be

limited to the thyroid (female/male 3.7±1.6/5.4±2.6,

range 1.1–7.6/2.6–14.3; p<0.001, Mann-Whitney U test).

Transverse spatial resolution

The transverse spatial resolution for 68Ga was 8.1±0.3 mm.

For comparison, the published transverse spatial resolution

for the mean±standard deviation FWHM values for [18]F

was 7.4±0.2 mm [24]. A small degree of resolution

degradation of ∼1 mm was observed for 68Ga versus [18]F

caused by the larger positron energy.

Normal tissue SUVmax and sst expression

Table 4 depicts a quantitative synopsis of regional sst

transcription. The most abundant somatostatin receptor

subtype in the human body was sst1 with an average

1.3×105 copies/μg RNA in the tissues analysed, demon-

strating significantly higher expression than sst3 (108×),

sst4 (30×) and sst5 (3×); sst2 was nearly as abundant as sst1

with 1.1×105 copies/μg RNA, significantly higher than sst3

Fig. 1 Representative 68Ga-

DOTATOC whole-body scan.

Contrast-enhanced CT (left) and

PET/CT fusion (right)
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and sst4 as the least abundant receptor subtypes (1.3×103

and 4.4×103 copies/μg RNA, respectively). The sst5

copies ranged in between with 5.2×104 copies/μg RNA

on average. We found marked region-dependent hetero-

geneities of both global sst expression and relative fractions

of sst subtypes. When comparing the various tissues,

somatostatin receptor expression was most abundant within

the central nervous system (brain and cerebellum), pituitary,

the adrenals and the stomach (all >1×105 copies/μg RNA

on average), compared to the least abundant in heart, testis,

placenta, trachea, thyroid, lung, muscle, salivary gland and

bone marrow (all <1×104 copies/μg RNA on average).

Expression levels in small intestine, kidney, spinal cord,

ovary, liver, colon, uterus, spleen, prostate and pancreas

ranged in between. When comparing the relative subtype

distribution in various tissues, descriptive statistics revealed

strong predominance of sst1 in stomach, small intestine,

liver, colon, placenta and lung (all with sst1>90% of all

five ssts, compared to an average of 56%). For sst2,

predominant expression in relation to the other subtypes

was found in cerebellum, spleen, salivary gland and bone

marrow (all with sst2>60%, compared to an average of

29%); sst3 and sst4 were relatively predominant in testis

(>10%, compared to an average of 1% for both subtypes)

and sst5 in pituitary, adrenals, ovary and pancreas (>40%,

compared to an average of 13%).

0.1 1 10 100

Lymph node, inguinal

Lymph node, axillary

Muscle

Bone (marrow)

Kidney

Adrenal gland

Thyroid

Pancreas uncinate

Pancreas tail

Pancreas body

Pancreas head

Large bowel

Small bowel

Stomach

Spleen

Liver

Lung

Heart

Parotid gland

SUVmax

Fig. 2 For the whole population

of subjects (n=120) SUVmax of
68Ga-DOTATOC (log scale)

scatter-plotted by region. The

red bar identifies the group

mean
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Figure 3 displays mRNA expression within the 14

respective tissues with matched target tissues in PET/CT.

In analogy to the clinical PET routine procedure to

compare an area of interest with liver uptake, both PET

and PCR data were normalized. The expression of sst

subtypes (sst1–sst5) was normalized to that of sst2

measured in liver tissue (Figs. 3 and 4). Similarly, SUVmax

data were normalized to liver (Fig. 4 and Table 5). In

direct comparison of PET/CT and RT-PCR data the

SUVmax values correlated significantly and exclusively

with sst2 expression, whereas there was no correlation

with the expression of the other four subtypes.

Regional SUVmax, entire

population

n Mean SD Min. Max. Mean − 2 SD Mean+2 SD

Parotid gland 118 1.9 0.6 0.9 3.5 0.7 3.1

Heart 118 3.9 1.6 1.6 10.4 0.8 7.0

Lung 98 0.7 0.3 0.3 1.7 0.1 1.3

Liver 62 12.8 3.6 6.9 20.7 5.6 20.0

Spleen 108 31.1 10.9 6.4 69.8 9.2 52.9

Stomach 113 7.0 3.1 2.2 16.3 0.8 13.3

Small bowel 105 4.8 1.8 1.8 9.5 1.1 8.4

Large bowel 98 2.9 0.8 1.2 5.8 1.2 4.6

Pancreas head 82 6.2 2.3 3.1 13.3 1.7 10.8

Pancreas body 81 5.1 1.7 2.4 10.3 1.6 8.5

Pancreas tail 82 5.9 2.4 2.2 19.3 1.1 10.7

Pancreas uncinate 82 8.7 3.7 3.1 19.0 1.2 16.2

Thyroid 108 4.7 2.2 1.1 14.3 0.2 9.1

Adrenal gland 117 12.8 4.6 4.7 27.3 3.7 21.9

Kidney 119 16.9 5.3 6.0 33.4 6.4 27.5

Bone (marrow) 98 3.9 1.3 1.2 7.3 1.4 6.5

Muscle 117 2.1 0.5 1.0 4.9 1.0 3.1

Lymph node, axillary 72 0.8 0.3 0.5 1.6 0.3 1.4

Lymph node, inguinal 72 0.8 0.3 0.4 2.2 0.2 1.5

Table 1 Regional 68Ga-DOTA-

TOC SUVmax values displayed

for the whole population

(n=120)

Regional SUVmax, subgroup analysis

30–90 min post-injection

n Mean SD Min. Max. Mean − 2 SD Mean+2 SD

Parotid gland 97 1.9 0.6 0.9 3.5 0.7 3.1

Heart 97 3.9 1.7 1.6 10.4 0.6 7.3

Lung 80 0.7 0.3 0.3 1.7 0.1 1.3

Liver 51 13.0 3.8 6.9 20.7 5.3 20.7

Spleen 90 30.4 11.2 6.4 69.8 8.1 52.8

Stomach 95 7.0 3.1 2.2 15.6 0.7 13.3

Small bowel 85 4.8 1.9 2.1 9.5 1.1 8.5

Large bowel 83 3.0 0.8 1.2 5.8 1.3 4.7

Pancreas head 68 6.3 2.3 3.1 13.2 1.8 10.8

Pancreas body 68 5.2 1.8 2.4 10.3 1.7 8.7

Pancreas tail 68 6.1 2.4 2.5 19.3 1.2 11.0

Pancreas uncinate 68 8.7 3.7 3.4 19.0 1.2 16.2

Thyroid 87 4.6 2.4 1.1 14.3 - 9.3

Adrenal gland 96 12.9 4.8 4.7 27.3 3.3 22.4

Kidney 97 16.9 5.2 6.0 33.4 6.4 27.4

Bone (marrow) 81 3.9 1.3 1.2 7.3 1.3 6.4

Muscle 96 2.1 0.5 1.0 4.9 1.0 3.1

Lymph node, axillary 56 0.9 0.2 0.5 1.6 0.4 1.3

Lymph node, inguinal 56 0.8 0.3 0.4 2.2 0.3 1.4

Table 2 Regional 68Ga-DOTA-

TOC SUVmax values displayed

for subjects measured

30–90 min post-injection

(n=99)
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Table 3 Differences between the means of regional 68Ga-DOTATOC SUVmax values (Tables 1 and 2) evaluated by the two-sided Mann-Whitney U test

Region Parotid

gland

Heart Lung Liver Spleen Stomach Small

bowel

Large

bowel

Pancreas

head

Pancreas

body

Pancreas

tail

Pancreas

uncinate

Thyroid Adrenal

gland

Kidney Bone

(marrow)

Muscle Lymph node,

axillary

Lymph node,

inguinal

Parotid gland -

Heart a, b -

Lung a, b a, b -

Liver a, b a, b a, b -

Spleen a, b a, b a, b a, b -

Stomach a, b a, b a, b a, b a, b -

Small bowel a, b a, b a, b a, b a, b a, b -

Large bowel a, b a, b a, b a, b a, b a, b a, b -

Pancreas head a, b a, b a, b a, b a, b a, b a, b -

Pancreas body a, b a, b a, b a, b a, b a, b a a, b a, b -

Pancreas tail a, b a, b a, b a, b a, b a b a, b a, b a -

Pancreas uncinate a, b a, b a, b a, b a, b b a, b a, b b a, b b -

Thyroid a, b a, b a, b a, b a, b a, b a, b a b a, b -

Adrenal gland a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b -

Kidney a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b -

Bone (marrow) a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b -

Muscle a a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b -

Lymph node, axillary a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b -

Lymph node, inguinal a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b a, b -

Mann-Whitney U test: a Bonferroni-adjusted p<0.05 (entire study population, n=120, data displayed in Table 1); b Bonferroni-adjusted p<0.05 (subjects measured after 30–90 min post-injection, n=99, data

displayed in Table 2)
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Discussion

To our knowledge, the present study is the first approach to

generate a dedicated normal tissue database of human sst

expression at both the receptor site by means of in vivo
68Ga-DOTATOC PET/CT and the mRNA level by ex vivo

RT-PCR, each applied for large subject populations.

Methodological considerations and parameters chosen

PET/CT, SUVmax and recovery correction The noninvasive

PET/CT approach by measurement of regional SUVmax is a

common part of (semi-)quantitative diagnostic procedures

[28]. Using SUVmax is a simple approach to determine the

uptake properties of tissues with a single PET measurement,

Table 4 Real-time RT-PCR data reflecting regional somatostatin

expression of sst subtypes (sst1–sst5) (mRNA copy numbers per

microgram of total RNA). Additionally, fractional composition of each

region by somatostatin receptor subtypes (%) is shown. Asterisks

indicate tissue samples that match a corresponding target tissue in
68Ga-DOTATOC PET/CT

Tissue sample sst1 sst2 sst3 sst4 sst5 sst1 (%) sst2 (%) sst3 (%) sst4 (%) sst5 (%)

Brain 723,261 417,658 1,880 27,795 1,985 61.7 35.6 0.2 2.4 0.2

Cerebellum 50,144 1,158,699 2,366 66,861 233,789 3.3 76.6 0.2 4.4 15.5

Spinal cord 188,169 120,432 1,407 1,150 19,258 56.9 36.4 0.4 0.3 5.8

Pituitary 135,043 310,500 459 439 349,151 17.0 39.0 0.1 0.1 43.9

Thyroid* 14,104 11,541 25 270 196 54.0 44.2 0.1 1.0 0.7

Adrenal* 74,289 233,495 15,730 153 384,154 10.5 33.0 2.2 0.0 54.3

Heart* 33,781 5,019 25 563 6,732 73.2 10.9 0.1 1.2 14.6

Trachea 19,877 7,066 25 117 10,026 53.6 19.0 0.1 0.3 27.0

Lung* 20,387 258 25 674 25 95.4 1.2 0.1 3.2 0.1

Pancreas* 45,354 4,784 267 25 44,330 47.9 5.0 0.3 0.0 46.8

Liver* 199,494 12,131 25 25 132 94.2 5.7 0.0 0.0 0.1

Spleen* 19,312 78,590 70 563 25 19.6 79.7 0.1 0.6 0.0

Stomach* 576,631 41,895 147 417 10,598 91.6 6.7 0.0 0.1 1.7

Small intestine* 434,094 23,786 30 527 1,046 94.5 5.2 0.0 0.1 0.2

Colon* 167,608 6,742 46 1,137 288 95.3 3.8 0.0 0.6 0.2

Kidney* 213,534 139,757 25 33 5,910 59.4 38.9 0.0 0.0 1.6

Testis 11,119 19,438 5,382 4,510 4,695 24.6 43.1 11.9 10.0 10.4

Prostate 54,561 37,234 25 155 3,603 57.1 39.0 0.0 0.2 3.8

Ovary 41,421 4,743 1,226 25 177,175 18.4 2.1 0.5 0.0 78.9

Uterus 103,519 13,029 103 788 188 88.0 11.1 0.1 0.7 0.2

Placenta 37,058 3,499 25 425 134 90.1 8.5 0.1 1.0 0.3

Salivary gland* 2,025 4,638 25 25 592 27.7 63.5 0.3 0.3 8.1

Skeletal muscle* 8,323 949 25 40 25 88.9 10.1 0.3 0.4 0.3

Bone (marrow)* 1,408 3,544 25 54 25 27.9 70.1 0.5 1.1 0.5
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Expression of somatostatin receptors (sst1-sst5), nomalized (sst2 of the liver set to 1) 

Fig. 3 Normalized regional

expression of somatostatin

receptor subtypes (sst1–sst5) at

the mRNA level. The dimen-

sionless x-axis displays quanti-

tative RT-PCR data of regional

somatostatin receptor expression

(mRNA copy numbers per mi-

crogram of total RNA) divided

by the expression of sst2 in the

liver. Thus, the liver has a

normalized sst2 expression of

one (arrow). Only tissue

samples are displayed (n=14)

that have a corresponding target

region in PET/CT
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whereas dynamic PET measurements and arterial blood

sampling revealed detailed uptake kinetics [29], but may be

unsuitable in routine clinical practice. Principally, the direct

molecular target of 68Ga-DOTATOC is the sst receptor

protein. It has to be noted that the parameter chosen in the

present study, i.e. SUVmax, does not singularly represent

receptor-mediated processes. Depending on the organ stud-

ied, non-somatostatin receptor-mediated uptake may also

contribute to the measured SUV values, especially in organs

related to metabolism and elimination of the radiotracer like

liver or kidney [30].

There are some general drawbacks using a maximum

value such as SUVmax as described by our group [24]. First,

since all the SUV data presented in this study are obtained

from images, the SUVmax may be affected by the partial

volume effect, in particular for small objects. In general, the

level of the recovery correction depends on the ratio of

object size to the scanner’s spatial resolution. Knowing the

spatial resolution is essential to estimate the partial volume

correction. In this study, the reconstructed spatial resolution

of 68Ga in water was 8.1 mm. The fundamental work by

Kessler et al. [31] showed that the imaged maximum voxel
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Fig. 4 a–e Polar plots (log

scale) display the relation of

regional 68Ga-DOTATOC

SUVmax values and the

expression of somatostatin

receptor subtypes (sst1–sst5).

In each plot the coloured line

displays the regional

normalized subtype-specific

receptor expression, i.e.

regional mRNA copy numbers

divided by sst2 mRNA copy

numbers in the liver. The black

line reflects the mean regional

SUVmax divided by that of the

liver. Thus, sst2 expression of

liver and SUVmax of liver have

been set to a value of one.

SUVmax correlated significantly

with sst2 expression (b),

whereas there was no

correlation with the expression

of the other four subtypes

(a, c–e). Spearman rho

correlation coefficients and

p values are shown in Table 5
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value is identical with the true maximum voxel value if the

object diameter is larger than about three times the scanner

resolution. As a consequence, the authors assume for the

organs numbered with 1 to 17 (see Tables 1 and 2) no

partial volume effect. In contrast, a significant partial

volume effect was expected for normal lymph nodes. For

example, an imaged SUVmax of 0.8 for a typically sized

lymph node with a diameter of about 4 mm and a spatial

resolution of about 8 mm would have a recovery-corrected

SUVmax of about 17 [24]. Second, when an iterative

reconstruction algorithm at low activity concentration

regimes (about 1 kBq/ml) is used, the imaged SUVmax is

overestimated by about 40% [24]. This low count statistics

effect can also be expected for the SUVmax of the lymph

nodes. Overall, taking into account both effects, the “true”

SUVmax would be then effectively about 10. Thus, this

methodological consideration shows that the true SUVmax

of normal sized lymph node is about one order of

magnitude higher than the image-derived SUVmax.

In vivo study design The use of “apparently normal” target

tissues of patients for the SUVmax measurement is a

compromise, since a pathological validation of healthy

organs was not practicable. Moreover, the influence of

putatively important cofactors, e.g. inflammation, carcinoid

heart disease or cachexia, could only lead to the exclusion

of a certain target tissue when reflected by diagnostic

evidence (anamnestic data, examination, patient file, labo-

ratory data and diagnostic CT) or pathology at the time of

the PET/CT or during follow-up of 1 year. Thus, the

retrospective design of the study may lead to limitations

and the authors are aware that especially inflammatory

changes in different target tissues may be minimized but

not entirely excluded. Finally, the use of healthy volunteers

instead of patients for PET/CT would not be suitable taking

into account subject numbers and age ranges needed as well

as issues of radiation protection. For the present study

protocol, a significant bias of normal tissue SUVmax values

by the mass of peptide applied, uptake time post-injection

or by averaging bilateral organs could be excluded.

Considering the variation in the time of the acquisition

post-injection we included an analysis of all subjects

studied within 30–90 min post-injection, i.e. a time window

used in routine clinical practice.

In vitro studies To study sst expression in human tissue

samples different molecular means have been established,

i.e. measurement of sst expression at the mRNA level by

RT-PCR [26] or at the level of the receptor protein using

receptor immunohistochemistry [32]. In this context,

immunohistochemistry may reveal high spatial resolution

and specific binding of the phenotype, however, with very

limited options to quantify. On the other hand, real-time

RT-PCR may provide quantitative data of transcription at

the price of morphology. Consequently, organ-specific

distribution of sst may not be studied in detail using RT-

PCR, e.g. within medulla and cortex of kidney or adrenal

gland. Previous studies of our group using sst RT-PCR in

normal tissue, tumour tissue and tumour cell lines have

already addressed the clinical impact of sst mRNA data for

receptor-targeted chemotherapeutic peptide antagonists and

receptor immunohistochemistry and their potential future

use in antineoplastic therapy [25]. In the present study RT-

PCR assays were done in whole-body coverage, in contrast

to the radiotracer 68Ga-DOTATOC that cannot pass an

intact blood-brain barrier. Due to methodological reasons

the impact of the putative covariates age and gender could

not be tested for the RT-PCT data. Moreover, despite a

considerable number of clinical studies addressing regional

expression of sst subtypes at the protein level or at the

mRNA level (e.g. central nervous system, adrenals and

gastrointestinal tract), normal tissue data have been

limited and conflicting data must be considered, e.g.

due to methodological differences, or low numbers of

subjects or organs studied. For that reason, our study

intended to gain RT-PCR or PET/CT data for a large

number of normal tissues in a single methodological

approach.

Comparison of in vivo and in vitro results Finally, the

visualization and comparison of neurochemical profiles

using polar plots of “receptor fingerprints” is an established

Table 5 Relation of regional expression of somatostatin receptor subtypes (sst1–sst5) of 14 tissue samples versus 68Ga-DOTATOC SUVmax:

Spearman rho correlation coefficients (p, two-sided)

vs sst1 vs sst2 vs sst3 vs sst4 vs SUVmax

sst1 0.464 (0.095)

sst2 0.635 (0.015) 0.846 (0.0001)*

sst3 0.436 (0.119) 0.509 (0.063) 0.489 (0.076)

sst4 0.097 (0.742) 0.033 (0.911) 0.155 (0.597) −0.238 (0.413)

sst5 0.564 (0.035) 0.491 (0.075) 0.560 (0.037) −0.194 (0.500) 0.340 (0.234)

*Correlation significant, Bonferroni-adjusted p<0.05

Eur J Nucl Med Mol Imaging (2011) 38:1224–1236 1233
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procedure to map receptors within the central nervous

system [33]. Due to the clinical intention of the normative

database, liver-based normalization of SUVmax and mRNA

data was performed as an analogy to the practical routine of

using the liver as a reference in the visual assessment of sst

scintigraphies.

Normal tissue SUVmax and sst expression

In our study two different parameters and dimensions

(SUVmax and mRNA copy numbers) have provided

regional biochemical “fingerprints” of normal human tissue

which have to be reflected in the context of known

chemoarchitecture of SOM and sst. Regional distribution

of somatostatinergic cells and sst and its functional

implications under normal and pathological conditions are

still within the focus of intensive clinical and experimental

research. After detection of somatostatinergic processes in

all vertebrates as well as in some invertebrate species,

animal models have revealed significant species differences

of regional sst expression and function [3, 34, 35]. Clinical

and experimental data have evidenced a regional complex

physiology of multiple partly coexpressed sst subtypes and

interacting effector mechanisms. Human sst have appeared

to be widely expressed with distinct but overlapping

expression patterns [3]. Within the human body SOM-

producing cells occur at high densities throughout the

central and peripheral nervous systems, in the endocrine

pancreas, and in the gut and in small numbers in the

thyroid, adrenals, salivary glands, kidneys, prostate and

placenta [6, 32, 35, 36]. Morphologically, gastrointestinal

SOM-producing cells (D cells) have been located with the

highest densities (>30 cells/mm2) within the pancreas and

lower densities within the mucosa of stomach, duodenum

and ileum showing a general decrease in the anal direction.

The gradual decrease of D cell density is paralleled by

declining tissue concentrations of SOM as shown in bioptic

material [37]. Besides D cell-related production, SOM is

found in the autonomous nervous system, especially

within the submucous and myenteric plexus [6]. In line

with previous data on human sst expression, both SUVmax

and sst expression partly followed the chemoarchitecture

of SOM-producing cells in humans [1, 5–7, 35, 38]. As

presented, both RT-PCR and SUVmax data were in good

agreement with organ-specific reports on sst expression,

e.g. of heart [38] and kidney [35] and the known

biodistribution of 68Ga-DOTATOC [16].

Diagnostic and therapeutic implications

Considering the diagnostic and therapeutic implications, a

normative database should further characterize the profile

of 68Ga-DOTATOC with considerable affinities to three of

five sst subtypes (sst2, sst3 and sst5) [9]. A possible

methodological explanation may be differences of in vivo

and in vitro binding affinities [39]. In this respect, we do

not expect a simple linear relationship between mRNA

expression and (sst-related) uptake of 68Ga-DOTATOC. For

example (Fig. 4b), the direct comparison of normalized sst

expression and normalized 68Ga-DOTATOC SUVmax

shows that in the adrenal gland, kidney and gut sst2

expression exceeds SUVmax by up to one order of

magnitude. Secondly, using normative data it may be easier

to classify a given lesion either as normal, pathologically

malignant or pathologically non-malignant on a quantitative

basis. Knowledge of normal SUVmax data should improve

the identification of region-specific advantages or pitfalls.

For instance, an intermediate SUV sst2-expressing tumour

may have a high tumour to non-tumour contrast when

located in bone or lung, appear as cold when located within

the spleen or undistinguishable when located within the

liver. In this respect, recent data have shown the high

sensitivity and specificity of 68Ga-DOTATOC imaging to

identify bone metastases of NETs [18]. Another example is

the pancreas region, where false sst-positive lesions have

been reported, especially in the uncinate process [22]. The

presented differences of SUVmax between anatomical

subdivisions of the pancreas may be the result of differing

embryological fates of the ventral and dorsal pancreas

reflected in sst expression [4]. Moreover, as for therapy in

vivo quantification of individual sst expression within

putatively dose-relevant tissues such as the kidneys may

help to identify risk factors due to radiopeptide therapy.

Then, to account for age- or gender-related influences on

normal tissue SUVmax, we used a relatively large patient

population with a wide age range (no age limitations) and

balanced male and female subject numbers. During embry-

onic development, SOM is expressed in many tissues, but

in the adult expression, it mainly occurs in neuroendocrine

cells of the brain, intestine and pancreas. Thus, age-related

changes of sst expression might be relevant for both

development and adult life. Despite the frequent observa-

tion of age-dependent decreases of G protein-coupled

receptors [40] and the large age range of our study

population, our data did not detect any influence of age

on the regional SUVmax. Concerning this observation it

must be considered that earlier ages (<19 years) were not

covered by our patients. Thus, our data cannot exclude the

necessity of an individual SUV database for younger

patients. Moreover, with the exception of thyroid and

pancreas, we could exclude significant gender differences

of 68Ga-DOTATOC uptake under physiologically normal

conditions. Possible implications of gender specificity

of sst expression should stimulate further investigations,

e.g. in view of different thyroid pathological conditions

[10, 14].
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Conclusions

In normal human tissues 68Ga-DOTATOC accumulation

has been correlated with a basic molecular mechanism, i.e.

receptor expression of the sst2 subtype. Taken from routine

clinical diagnostics our data have demonstrated 68Ga-

DOTATOC uptake SUVmax as a robust, age-independent

and predominantly gender-independent parameter of normal

adult human tissues. A key message from the comparison of

phenotype (somatostatin receptor expression) and regional

SUVmax in normal tissue is that in vivo 68Ga-DOTATOC

binding does not correlate with regional sst5 expression.

Thus, it may be useless to target multiple sst subtypes by this

radiopeptide. Since neuroendocrine tumour manifestations

may express significant amounts of non-sst2 somatostatin

receptor subtypes, case-adapted sst analogues to optimize

tumour targeting have been requested. In this regard, the

present normative database may improve the evaluation of

novel radiopeptides by means of both the comparison of

regional in vivo binding profiles and the relation to regional

sst1–sst5 mRNA expression. Evaluating the impact of the

normative database under different pathological conditions

involving SOM and sst (e.g. imaging of tumour lesions,

monitoring of therapeutic response and differential diagnosis

of tumour vs inflammation) should be the subject of future

clinical research. Finally, diagnosis and therapy using radio-

peptides need quantitative data and partial volume effects

have to be discussed for both normal tissues and pathological

conditions. In this context, the term of a putatively “
68Ga-

DOTATOC-positive” lesion (e.g. lymphatic node) may be

misleading if normal data and partial volume effects are

neglected.
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