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Abstract

Objective The comparison of 2-deoxy-2-[18F]fluoro-D-

glucose (F-18 FDG) and 30-deoxy-30-[18F]fluorothymidine

(F-18 FLT) imaging in patients with rectal cancer before

and after neoadjuvant radiochemotherapy (RCT) in relation

to histopathology and immunohistochemistry obtained

from surgery.

Methods 20 consecutive patients (15 m, 5 f), mean age of

65 ± 10 years were included into this prospective study

with a mean follow-up of 4.1 ± 0.8 years.

Results Among histopathological responders (n = 8 out

of 20), posttreatment F-18 FLT and F-18 FDG scans were

negative in 75 % (n = 6) and 38 % (n = 3), respectively.

The mean response index (RI) was 61.0 % ± 14.0 % for

F-18 FLT and 58.7 % ± 14.6 % for F-18 FDG imaging.

Peritumoral lymphocytic infiltration (CD3 positive cells)

was significantly related to posttreatment SUVmax in F-18

FDG but not F-18 FLT studies.

Conclusion A significant decrease of SUVmax in F-18

FDG and F-18 FLT studies could be seen after RCT.

Negative posttreatment F-18 FLT studies identified more

histopathological responders.

Keywords 18F-FDG � 18F-FLT � PET/CT � Rectal

cancer � Radiochemotherapy

Introduction

The assessment of response to neoadjuvant radiochemo-

therapy (RCT) in patients with rectal cancer is of potential

clinical importance for the selection of the appropriate

therapeutic strategy aiming for cure. This is achieved most

commonly by surgery, but in selected cases with docu-

mented complete response to RCT, a wait-and-see strategy

might be applied [1].

Many studies investigated the impact of imaging with

positron emission tomography/computer tomography

(PET/CT) using 2-deoxy-2-[18F]fluoro-D-glucose (F-18

FDG) to monitor the efficacy of RCT in rectal cancer.

Some studies related long-term outcome to the course of

F-18 FDG PET performed at baseline and about 2 weeks

after start of therapy [2, 3]. Other study designs employed

F-18 FDG studies before and after RCT to define response

criteria and relate them to long-term outcome [4, 5].

However, controversy persists about the reliability of F-18

FDG PET/CT to detect histopathological remission after

RCT. An increased glucose metabolism of inflammatory

tissues in F-18 FDG PET studies belongs to the potential
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confounders of reliable assessment of F-18 FDG imaging

after RCT [3, 6].

30-deoxy-30-[18F]fluorothymidine (F-18 FLT) has been

repeatedly claimed as a more specific marker of tumor

activity reflecting DNA synthesis and, therefore, tumor

proliferation and growth. Numerous studies of F-18 FLT in

animals and subsequent pilot patient studies have demon-

strated that the tracer produces images of high contrast in

both proliferating tissues and tumors [7–13], and F-18 FLT

has been used in many different tumor entities to evaluate

treatment response [14].There are some report about its

accuracy in staging of colorectal cancer [15], but few

related to monitoring of RCT [16, 17].

The assessment of response to neoadjuvant radioche-

motherapy in patients with rectal cancer is of particular

clinical importance for the clinical management, since a

wait-and-see strategy might be applied in patients with

documented complete response.

The aim of this study was to evaluate and compare F-18

FDG and F-18 FLT PET/CT imaging in patients with rectal

cancer before and after standardized RCT with respect to

characterize responders and non-responders based on both

histopathological and immunohistochemical criteria [18].

Materials and methods

Patients

In this prospective and single-center study, 22 consecutive

patients were included, 15 male (68 %) and 7 female

(32 %) patients with a mean age of 65 ± 10 years (range

41–83 years). Included were patients with biopsy-proven

adenocarcinoma of the rectum; the tumor stage had to be

cT3 or cT4 (cT3, n = 19, 86 %; cT4, n = 3, 14 %)

(Table 1) and all patients had to be eligible for RCT due to

tumor board decision.

All patients underwent the same study protocol,

including conventional diagnostic evaluation using colo-

proctoscopy and abdominal CT before inclusion in the

study. F-18 FDG and F-18 FLT PET/CT scanning were

performed on two separate days at baseline before treat-

ment and within 2–4 weeks after completion of the RCT

protocol due to planned surgery soon after the completion

of RCT.

This study was approved by the local Ethics Committee

and all study participants gave written informed consent to

their participation.

F-18 FLT and F-18 FDG PET/CT imaging

F-18 FLT PET/CT scans were obtained after fasting for a

minimum of 6 h using a dedicated full ring PET/CT

scanner (Biograph 6 PET/CT Tomograph, Siemens,

Knoxville, Tennessee, USA). An intended activity of

4 MBq F-18 FLT per kg body weight (minimum activity

300 MBq) was injected intravenously, and imaging was

started 45–60 min post injection.

3-dimensional PET data acquisition was performed

employing 6–8 bed positions (16.2 cm axial field of view)

with a scan time of 3 min per bed position. The CT-based

attenuation-corrected PET images were reconstructed with

an iterative OSEM (ordered subset expectation maximiza-

tion) algorithm (OSEM 2D, 4 iterations, 8 subsets) and

smoothed with a Gaussian filter with 5 mm FWHM

(Matrix 168 9 168, Voxelsize 4.06/4.06/5.0 mm).

Quality control on the PET/CT system was done

according to the manufacturer guidelines and amended to

local requirements. Cross-calibration was done twice a year

and the measurements showed that semi-quantification in

terms of Bq/ml and SUV, respectively, were stable over the

whole life time of the system.

The reconstructed images were assessed on a diagnostic

imaging computer monitor using axial, coronal and sagittal

slicing. In addition to visual interpretation, semi-quantita-

tive analysis using standardized uptake values (SUVs) were

performed. Regions of interest (ROIs) were inserted

according to the extent of the uptake of the lesion.

F-18 FDG PET/CT scans were obtained on the same full

ring PET/CT scanner as F-18 FLT imaging studies. All

patients were fasting for a minimum of 12 h prior to F-18

FDG PET/CT imaging. Blood glucose levels were con-

trolled in all patients before injection of F-18 FDG; none

was higher than 120 mg/dl. An intended activity of 4 MBq

F-18 FDG per kg body weight (minimum of 300 MBq) was

injected intravenously, and imaging was started 60 min

post injection.

Data acquisition and image reconstruction were con-

ducted equally as in F-18 FLT PET/CT imaging (above).

For radiotherapy planning, all patients were scanned in

prone position (using the same belly-board as used during

radiotherapy) for the staging PET/CT, however, follow-up

PET/CT scanning was done in supine position. Afterwards,

images were reformatted into supine position for image

comparison and appraisal.

CT imaging

A low-dose computer tomography (130 kV, 30 mAS) was

performed in all patients before PET scanning. CT data

were used for attenuation correction of the PET data.

Interpretation of imaging studies

The PET study was interpreted by a board-certified

Nuclear Medicine physician with more than 10 years of
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expertise. Qualitative (lesion, artifact) and semi-quanti-

tative (SUV, as marker of tumor glucose metabolism

for F-18 FDG and as marker of proliferation for F-18

FLT) evaluation of PET data were made for each

patient on a Syngo workstation. If a focal area had

increased tracer uptake, higher than the normal back-

ground (using the liver as reference in F-18 FDG

studies, in F-18 FLT studies the abdominal background

was used due to the higher liver uptake in FLT studies)

activity, the lesion was considered positive for tumor

tissue. If no significant focal uptake was found, the PET

study was interpreted as negative. The maximal SUV of

the lesion (marked by increased uptake) were docu-

mented in each patient.

F-18 FDG and F-18 FLT PET/CT data were compared

before and after RCT, and SUV changes were evaluated

and documented (no uptake/reduced uptake/equal uptake/

higher uptake than in the staging PET/CT). The mean

absolute difference was calculated as absolute pretreatment

SUVmax - posttreatment SUVmax difference (mean abso-

lute difference = DSUV). The percentage change, named

the mean response index (RI) was calculated using the

following formula: RI = [(pretreatment SUVmax - post-

treatment SUVmax)/pretreatment SUVmax] 9 100.

Consensus readings with an experienced radiologist

(more than 10 years of experience), who evaluated the CT

data, were performed after each physician had reported

their findings.

Chemotherapy

All patients received concomitant chemoradiation during

the first 4 weeks of neoadjuvant chemotherapy with

Capecitabine, plus weekly Oxaliplatin [19].

Radiotherapy

All patients received standardized three-dimensional con-

formal neoadjuvant radiation therapy for a duration of

5 weeks 5 times per week (25 fractions 9 1.8 Gray), with a

tumor dose of 45 Gray. Target volume definition was

carried out by hand and controlled using the PET compo-

nent of both staging PET/CT [controlling if any uptake

could be found outside the planning target volume (PTV)].

Radiation therapy was done using a isocentric 3-field-

techniqe with one dorsal field and two lateral fields.

Surgery

All patients underwent resection with curative intent, per-

formed at the latest 4 weeks after the end of the neoadju-

vant radiochemotherapy.

Table 1 Patient characteristics

and clinical TNM-Stage

Tumor grading: all patients,

except patient no. 17 (G3) had

G2 tumors (G2 moderately

differentiated/intermediate

grade, G3 poorly differentiated/

high grade)

T primary tumor, N local lymph

node metastases, M distant

metastases

Patient no. Age Gender T N M Grading Histology

1 50 M T3 N0 Mx G2 Adenocarcinoma (tubular-villous)

2 60 M T3 N0 Mx G2 Adenocarcinoma

3 57 M T4 N0 M0 G2 Adenocarcinoma

4 41 F T4 N1 M0 G2 Adenocarcinoma (mucinous)

5 74 M T3 N0 Mx G2 Adenocarcinoma

6 76 F T3 N0 M1 G2 Adenocarcinoma

7 55 F T3 N0 M0 G2 Adenocarcinoma

8 66 M T3 N0 Mx G2 Adenocarcinoma

9 67 M T3 N1 Mx G2 Adenocarcinoma

10 63 M T3 N0 M0 G2 Adenocarcinoma

11 74 F T3 N0 Mx G2 Adenocarcinoma

12 83 M T3 N0 Mx G2 Adenocarcinoma

13 81 M T3 N0 Mx G2 Adenocarcinoma (tubular)

14 73 M T4 N0 M0 G2 Adenocarcinoma

15 64 F T3 N0 Mx G2 Adenocarcinoma

16 61 M T3 N0 M0 G2 Adenocarcinoma

17 67 M T3 N1 M1 G3 Adenocarcinoma

18 65 M T3 N0 Mx G2 Adenocarcinoma

19 71 F T3 N1 M1 G2 Adenocarcinoma

20 69 F T3 N0 M0 G2 Adenocarcinoma

21 57 M T3 N0 Mx G2 Adenocarcinoma

22 57 M T3 N1 Mx G2 Adenocarcinoma
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Histology

The resected tumor tissue was classified according to the

TNM classification [20] and grading of the tumor differ-

entiation was obtained. The resected tumor and the margins

of the resectat were examined about tumor diameter,

necrosis, fibrosis and inflammation.

The grading of tumor regression in response to neoad-

juvant radiochemotherapy was based on the proportion of

viable tumor tissue in relation to total tumor mass [18].

Grade of tumor regression induced by RCT was defined

as follows: Grade 1a, complete (0 % residual tumor) or

Grade 1b, subtotal tumor regression (\10 % residual tumor

per tumor bed); Grade 2, partial tumor regression

(10–50 % residual tumor per tumor bed) and Grade 3,

minimal or no tumor regression ([50 % residual tumor per

tumor bed) [21].

Tumor regression grade (TRG) 1a and TRG 1b were

considered as indication for tumor response to therapy;

whereas, TRG II and III were considered as indication for

non-responding tumors.

Immunohistochemistry

The markers Ki-67, CD3 and p53 were investigated im-

munohistologically. Ki-67 is used as proliferation marker,

positive cells were scored as percentage of total amount of

tumor cells. CD3 was used as a marker for T cell-mediated

inflammation, and both peritumoral infiltration and overall

infiltration of the surrounding tissue were analyzed.

Immunohistochemical staining for Pan-cytokeratin

(AE1/3), CD3 and p53 was performed on routinely for-

malin-fixed paraffin embedded (FFPE) tissue, using a

standardized automated platform (AutostainerPlus, Dako,

DN) in combination with Envision polymer detection

system (Dako, DN). AE1/3 antibody was used for detection

of vital residual cancer cells in a final dilation of (1:400)

and CD3 (1:200) for evaluation of the post therapeutic

grade of inflammation. Residual vital cancer cells with

genetic instability and a supposed more aggressive

behavior were marked with p53 with a working dilution of

1:200.

3-lm-thick, archival FFPE sections were deparaffinized

with xylene, dehydrated, followed by heat-induced epitope

retrieval (HIER) at 98 �C for 40 min in antigen retrieval

buffer pH 9 (Dako, DN). Endogenous peroxidase blocking

was carried out 10 min with 3 % H2O2 in absolute meth-

anol and normal serum was applied. Primary antibodies

and detection reagents were incubated at RT for 30 min

and after several washes detection was performed using

Envision detection system, followed by chromogenic

visualization with diaminobenzidine (DAB). Nuclear

counterstaining was performed with hematoxylin.

Statistical analysis

Numerical variables are given as mean ± standard devia-

tion (SD), and qualitative variables are reported as fre-

quencies and percentages, respectively.

For statistical comparative analysis, the non-parametric

Mann–Whitney Test, the v2 Test and Spearman’s Rho rank

correlation coefficient were evaluated, using the program

SPSS Statistics (Version 18.0).

Results

A total of 22 patients were included in the study, two of

them were drop-outs due to study protocol violation;

therefore, only 20 patients completed the study according

to the protocol. Patient no. 6 underwent surgery directly

after staging PET/CT and patient no. 7 had the staging

PET/CT after the first course of RCT.

Mean activity for F-18 FDG PET/CT was

306 ± 20 MBq and 304 ± 24 MBq for pre- and post-

treatment imaging studies, respectively. For F-18 FLT

PET/CT imaging studies, the mean activity for pre- and

posttreatment PET/CT was 301 ± 14 MBq and

307 ± 20 MBq, respectively. All patients underwent both

F-18 FDG and F-18 FLT PET/CT imaging studies within

14 days (pretreatment: mean time between FDG and FLT

PET/CT 3 ± 1 days range 1–6 days; posttreatment: mean

time between FDG and FLT PETCT 3 ± 1 days, range

1–4 days) before and after RCT with a mean time interval

of 44 ± 4 days for F-18 FDG (median 43 days, range

37–54 days) and 44 ± 4 days for F-18 FLT (median

42 days, range 35–50 days), respectively. The mean time

interval between the first staging PET/CT and surgery was

76 ± 19 days (range 65–105 days).

Assessment of response by F-18 FDG and F-18 FLT

PET/CT imaging

Visual analysis of the primary tumor

Visually, only four out of 20 patients were categorized as

negative in F-18 FDG PET/CT imaging (patient no. 3, 5, 15

and 16). In F-18 FLT PET/CT, 7 out of 20 patients were

visually interpreted as positive, with reduced F-18 FLT

uptake in the primary tumor after RCT [patient no. 1, 2, 11,

13, 14, 17 and 18; all other patients scans were classified as

negative—for details see (Table 2)].

Compared to F-18 FDG (20 % of the repeated PET/CT

scans were visually classified as negative regarding the

primary tumor), more F-18 FLT PET/CT scans were neg-

ative (65 %). Notably, patient no. 19 (the only patient with

immunohistochemical complete remission) had a negative
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F-18 FLT PET/CT scan after RCT; whereas, the primary

tumor exhibited persistent tracer uptake in the respective

F-18 FDG study (Table 2).

Semi-quantitative analysis of the primary tumor

The mean SUVmax (maximal SUV of the lesion) of the

primary tumor was 18.4 ± 6.5 for F-18 FDG (median 18.5,

range 8.3–30.6) and 8.4 ± 2.0 for F-18 FLT PET-CT

before therapy (median 7.9, range 5.5–12.7), respectively.

After RCT, the SUVmax of the primary tumor was signifi-

cantly lowered to a mean max SUV of 6.9 ± 1.7 (median

6.6, range 4.6–12.4) and 3.1 ± 1.0 (median 2.9, range

2.0–6.3) for F-18 FDG and F-18 FLT, respectively.

The mean RI index for F-18 FDG was 58.7 ± 14.6 %

(median 59.6 %, range 31.3–79.5 %) and for F-18 FLT

61.0 ± 14.0 % (median 64.9 %, range 31.1– 80.4 %)

(Table 2).

The only patient with immunohistochemical complete

remission (patient no. 19) had the highest RI in F-18 FDG

and third highest in F-18 FLT (Fig. 1). However, for F-18

FDG no significant relation between RI versus (vs.) Ki-67

(p = 0.613, r = 0.124) as well as RI vs. CD3 (p = 0.597,

r = -0.129) could be found, respectively. RI vs. Ki-67

(p = 0.639, r = -0.115) as well as RI vs. CD3

(p = 0.675, r = 0.676) showed no significant relation in

F-18 FLT, too.

Lymph nodes 5 out of 20 patients had lymph node

metastases in pretreatment F-18 FLT PET/CT (n = 5, 3

pararectal, 1 presacal and 1 iliacal), all of which could be

found in F-18 FDG as well; however, in patient no. 19,

F-18 FDG found two more lymph node metastases (3

pararectal, 2 presacal and 2 iliacal) than F-18 FLT. So, a

total of 7 lymph node metastases were found in F-18 FDG

imaging. In the pretreatment PET/CT studies, no uptake

could be seen in inguinal lymph nodes.

After RCT, F-18 FDG PET/CT demonstrated visible

uptake in inguinal lymph nodes in 3 patients: Patient no. 4

and no. 10 had uptake in bilateral inguinal lymph nodes,

while patient no. 15 exhibited uptake in an inguinal right-

sided lymph node (Fig. 2). In a fourth patient (no.9), F-18

FDG uptake was visible in an iliacal lymph node. In F-18

FLT PET/CT, uptake in 7 inguinal lymph nodes in 4

patients could be seen after RCT: Patient no. 4, 10 (same as

F-18 FDG) and 15 showed uptake in bilateral lymph nodes

(Fig. 2), and patient no. 8 demonstrated uptake in a left-

sided inguinal lymph node.

The SUVmax of lymph node metastases in F-18 FDG

studies was 9.1 ± 7.6 (median 8.0, range 1.5–18.2) before

RCT and 4.5 ± 1.3 (median 4.3, range 3.1–6.3) after RCT,

respectively. In F-18 FLT imaging, the mean SUVmax was

4.9 ± 1.6 (median 4.9, range 2.6–6.6) before RCT and

5.9 ± 2.1 (median 6.3, range 3.1–7.9) after RCT, respectively.

Liver uptake The mean SUVmax of the liver was

3.3 ± 0.9 and 3.6 ± 0.7 for F-18 FDG PET/CT before and

after RCT, respectively. For F-18 FLT PET/CT, the mean

SUVmax of the liver was higher with 7.7 ± 1.0 and

7.2 ± 1.5 before and after RCT, respectively.

Distant metastases Distant metastases were seen prether-

apeutically in four patients with F-18 FDG (lung, n = 2, liver,

n = 4, other, n = 1), whereas no distant metastases could be

detected by F-18 FLT PET/CT. The mean SUVmax for distant

metastases in F-18 FDG was 6.9 ± 1.1 (median 6.9, range

5.5–8.7). However, patient no. 6 underwent surgery immedi-

ately (without RCT), undergoing combined low anterior rectal

resection and thoracotomy with histopathological verification

of two lung metastases. Patient no. 16 had magnetic resonance

imaging (MRI) showing the primary tumor and lymph node

metastasis in the perirectal fatty tissue (histopathologically

confirmed), all also seen in F-18 FDG PET/CT. In patient no.

17, two liver lesions in segment VIII could not be seen in the

Table 2 SUVmax of the primary tumor and response index (RI)

Primary tumor–SUVmax Response index

(RI) %

Patient no. FDG 1 FDG 2 FLT 1 FLT 2 RI FDG RI FLT

1 25.3 6.1 10.4 2.3 75.9 77.9

2 22.1 7.1 7.9 3.8 67.9 51.9

3 18.2 6.1 8.8 3.1 66.5 64.8

4 25.8 7.3 8.4 2.3 71.7 72.6

5 10.4 4.7 6.1 4.2 54.8 31.1

6 (28.9) – (6.3) –

7 (11.4) – (2.1) –

8 15.6 8.1 6.8 3.1 48.1 54.4

9 30.6 7.2 10.9 3.4 76.5 68.8

10 22.6 6.7 7.7 2.5 70.4 67.5

11 24.8 12.4 5.4 2.4 50.0 55.6

12 18.8 6.5 7.6 2.5 65.4 67.1

13 11.7 6.4 6.5 4.2 45.3 35.4

14 20.9 8.8 8.7 4.5 57.9 48.3

15 11.9 4.6 5.5 2.9 61.3 47.3

16 14.7 7.3 7.3 3.2 50.3 56.2

17 22.4 5.3 7.7 2.7 76.3 64.9

18 14.8 8.6 12.7 6.3 41.9 50.4

19 26.4 5.4 10.1 2.4 79.5 76.2

20 12.9 6.8 11.3 2.8 47.3 75.2

21 8.3 5.7 10.2 2.0 31.3 80.4

22 9.1 5.9 7.8 2.1 35.2 73.1

F-18 FDG/F-18 FLT 1 pretreatment PET/CT, F-18 FDG/F-18 FLT 2

posttreatment PET/CT, italic values represents patients without de-

lineable F-18 FDG/F-18 FLT uptake in the primary tumors after RCT
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follow-up F-18 FDG PET/CT after RCT, anymore, and no

histopathological confirmation was made therefore. Patient no.

19, had 2 liver lesions in segment II not showing in the follow-

up F-18 FDG PET/CT and underwent liver lesion resection

nearly 1 year after therapy. In the histopathological work-up,

liver metastases could be confirmed.

Histopathological analysis According to TNM criteria

[20] for histopathological classification post RCT, 4 of the

20 patients (20 %) were classified as stage 0, 6/20 (30 %)

as stage I, 6/20 (30 %) as stage II and 4/20 (20 %) as stage

III (Stage 0 = T1–2 N0 M0, Stage II A = T3 N0 M0,

Stage II B = T4 N0 M0, Stage III A = T1–2 N1 M0,

Stage III B = T3–4 N1 M0, Stage III C = T1–4 N2 M0,

Stage IV = T1–4 N0-2 M1). In 11 cases (55 %), the tumor

was downstaged histopathologically after surgery, includ-

ing 4 patients (36 % of this subgroup, patient 1, 11, 15 and

19) with a complete histopathological response, while no

downstaging was observed in 9 patients (45 %).

Of all 20 patients included in our study and submitted to

surgery, 1 was classified as TRG 1a (5 %), 7 as TRG 1b

(35 %), 5 as TRG 2 (25 %) and 6 as TRG 3 (30 %). One

patient was not evaluated (Table 3).

Immunohistochemistry One patient (no. 19) exhibited

complete immunohistochemical response, and two patients

(no. 3 and 13) had partial immunohistochemical remission

(Ki67 \ 10 %). All other patients had Ki67 levels [10 %

indicating clinically relevant tumor cell proliferation

(Table 3; Fig. 1). Evidence of peritumoral T-cell infiltra-

tion after RCT was variable in our patient collective as was

the degree of p53-positive tumor tissue (Fig. 3).

A significant correlation could be found between post-

treatment F-18 FDG and CD3 infiltration (p = 0.031,

r = 0.471), Ki67 levels (p = 0.037, r = 0.448) and p53

levels (p = 0.011, r = 0.540). No relation was found

between any RI for F-18 FLT or F-18 FDG PET/CT

imaging and immunohistochemical markers.

Follow-up All patients but one (no. 22) are still alive up

to now; however, 5 out of 20 patients developed distant

metastases in follow-up.

Patient no. 8 showed a solitary lung lesion in the left

upper lobe in a follow-up CT 2.6 years after initial diagnosis

of rectal cancer. Pathohistology confirmed a lung metastasis

of the known rectal cancer after surgical removal of the left

upper lobe. In patient no. 9, a 3 cm lesion was seen in the

right upper lobe in a follow-up F-18 FDG PET/CT 2.9 years

after initial diagnosis; however, the patient was lost to fol-

low-up. Recently, at a restaging F-18 FDG PET/CT

4.3 years after initial diagnosis, a progression of this lesion

(now with a diameter of 5 cm) was seen as well as a lymph

node metastasis in the right hilus region. A bronchoscopy

with biopsy confirmed the diagnosis of lung metastasis in the

right upper lobe and lymph node metastasis.

Fig. 1 Patient no. 19 (female, 71 years old), rectal adenocarcinoma,

T3 N1 M1 at staging, complete remission after RCT in immunohis-

tochemistry (a, b) F-18 FDG imaging study: a SUVmax 26.4 before

therapy, b SUVmax 5.4 after therapy (c, d) F-18 FLT imaging study:

c SUVmax 10.1 before therapy, d after therapy no tumor uptake
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Patient no. 17 showed lung lesions in a follow-up F-18

FDG PET/CT nearly 1.3 years after initial diagnosis of

rectal cancer. After surgical removal, pathohistology

confirmed 3 lung metastases (2 in the left upper lobe and 1

in the left lower lobe). Another solitary lung lesion could

be seen in the left lower lobe in a follow-up F-18 FDG

PET/CT 2.8 years after initial diagnosis. Again, pathohis-

tology confirmed a lung metastasis after resection.

Patient no. 18 showed a solitary lesion in the left lower

lung lobe in a follow-up F-18 FDG PET/CT approximately

1.6 years after first diagnosis. Histology revealed a

metastasis of the rectal cancer after resection of the lesion.

A solitary lesion in the liver (segment III) was seen

2.3 years after initial diagnosis in CT and MRI (no histo-

logical confirmation up to now). In patient no. 19, a solitary

liver lesion was found in segment II in a follow-up CT only

0.8 years after initial diagnosis. After resection of the left

liver lobe, pathohistology confirmed a liver metastasis of

the rectal cancer.

Patient no. 22 died 2.2 years after initial diagnosis due

to a cardiac decompensation. No progression of disease

could be seen in autopsy.

Mean overall survival in our patient collective was

4.1 ± 0.8 years (median 4.4 years, range 2.2–5.6), with a

mean time disease-free survival of 3.6 ± 1.3 years. No

patient developed any local recurrence.

Discussion

Neoadjuvant treatment regimens have been reported to

reduce local recurrence rates in rectal cancer [22, 23]. The

assessment of response to RCT in patients with rectal

cancer is of potential clinical importance for the thera-

peutic strategy that is most often surgery. Especially in

Fig. 2 Patient no. 15 (female,

64 years old), rectal

adenocarcinoma, T3 N0 Mx,

posttherapeutic PET/CT studies

a F-18 FDG maximum intensity

projection (MIP): F-18 FDG

avid inguinal lymph node on the

right side b F-18 FLT MIP:

F-18 FLT avid bilateral inguinal

lymph nodes

Table 3 Regression grade and immunohistochemical markers of the

primary tumors after RCT

Patient

no.

Regression

grade

peritumoral CD3

(%)

Ki67

(%)

P53 (%)

1 Ib 25 12 0

2 III 40 60 73

3 Ib 25 8

4 II 46 56 7

5 Ib 30 38 0

6 III 40 47 5

7 II 18 55 5

8 III 17 58 68

9 Ib 55 60 12

10 II 5 35 10

11 III 60 70 70

12 II 7 25 3

13 Ib 40 5 80

14 40 70 30

15 Ib 33 55 0

16 II 48 18 78

17 II 25 38 0

18 III 65 70 0

19 Ia No

tumor

No

tumor

20 Ib 63 33 20

21 III 28 15 0

22 III 33 61 55
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distal rectal carcinomas, preoperative radiochemotherapy

may offer potential to less extensive surgery, e.g., sphinc-

ter-preserving surgery with a better quality of life post

surgically [22]. In selected cases, a wait-and-see strategy

might be applied in patients with documented complete

response [1]. Notably, in our study including T3 or T4

tumors only, no patient developed any locoregional tumor

recurrence within 4 years of follow-up, which supports the

effectiveness of the applied scheme of neoadjuvant RCT

consisting of RT combined with capecitabine and oxalipl-

atin though no superiority to previous schemes had been

reported [19].

For years, F-18 FLT PET has been claimed to be the

most suitable tracer to indicate the persistence of viable

tumor cells [13, 15, 16] but few studies have been per-

formed in rectal cancer patients [16, 17, 24]. To the best of

our knowledge, our study is the largest one using a pro-

spective design comparing F-18 FLT and F-18 FDG for the

assessment of response after RCT.

This study confirms the limitations of FDG in moni-

toring neoadjuvant RCT by demonstrating that peritumoral

T-cell infiltration may be a significant confounder of SUV

analysis after the end of fractionated radiotherapy [3, 6].

Thereby, it is noteworthy that a high CD3 score has been

shown to be predictive of a longer colorectal cancer-spe-

cific survival [25]. In contrast, CD3 expression was not

related to posttreatment F-18 FLT uptake, at all.

Notably, p53 tumor suppression gene activity and Ki-67

were also significantly related to posttreatment F-18 FDG

levels, while no relation was seen in F-18 FLT studies. The

inclusion of p53 tumor suppression gene activity and CD3

expression is a strength of our study showing the more com-

plex impact of tumor biology on imaging parameters [26, 27].

Quantitative measures of changes in F-18 FDG or F-18

FLT uptake have been introduced and studied in rectal

cancer to overcome the limitations of posttreatment visual

interpretation of the scans [3–5]. Patients achieving histo-

logical remission (TRG 1a ? 1b) at the time surgery had a

mean change in SUVmax of 63 % in F-18 FDG, and 60 %

in F-18 FLT studies; while non-responders (TRG 2 ? 3)

exhibited a reduction in SUVmax of 55 and 63 % in F-18

FDG and F-18 FLT, respectively. In our patient collective

Fig. 3 Histology and immunohistochemistry of patient no. 4 with TRG II a hematoxylin—eosin stain b Ki-67 stain indicating proliferating cells

c CD3 stain indicating peritumoral T-cell infiltration
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these relative changes do not allow to discriminate

responders from non-responders. A recent study [17] in 14

patients comparing F-18 FLT and F-18 FDG imaging

found that F-18 FLT indicated histopathological response

when achieving a decrease by at least 60 % or a post-

treatment SUVmax level below 2.2. We found just 2

patients with a posttreatment SUVmax in F-18 FLT imaging

when applying these criteria. Both did not achieve total or

near total histopathological remission. Eleven patients had

a reduction of F-18 FLT SUV [60 %. 5 of them were

histopathological responders.

For F-18 FDG, numerous studies defined cut-off levels

with an increased probability for histopathological

response. A recent study of Calvo reported a 65 % SUV

cut-off 5 week after the end of radiotherapy [4]. Nine out

of 20 patients exhibited a SUV decrease C65 %, 4 of them

were histopathological responders.

To date, our data do not support the use of RI to

determine histopathological responders eligible for a wait-

and-see strategy, since they could not be separated from

minor or non-responders even when state-of-the-art

schemes of neoadjuvant therapy were employed. Immu-

nohistochemical findings might offer some explanations for

this finding. While 8 patients were classified as histopath-

ologic responders, this was only true for 3 by means of Ki-

67 expression after RCT. In fact, 59 % of the patients

revealed a significant proportion of viable tumor cells.

In agreement with other studies, FLT uptake in the liver

was higher than observed in FDG studies. However, no

liver disease (such as hepatitis or others) was known in any

patient, and ROIs in the liver in FDG studies were only

used in liver segments without metastases.

Five patients in our collective developed progressive

disease with distant metastasis, though locoregional tumor

control had been achieved in all of them. Our data might

support the concept of persisting tumor stem cells being

responsible for the course of disease [28–30]. The amount

of such viable tumor cells with potential for metastasis

might be far below the detection limit of state-of-the art

PET/CT scanners.

However, our study provides further evidence that

inflammation might be an issue of relevance for the inter-

pretation of both posttreatment F-18 FDG or F-18 FLT

imaging.

After RCT, inguinal lymph nodes were seen in a few

patients as reported before [31], These findings could be

found either unilaterally or bilaterally. Most interestingly,

the same inguinal lymph nodes could be seen in F-18 FDG

and F-18 FLT PET/CT in 3 patients.

In the study of Perez et al. [31], the relevance of F-18

FDG positive inguinal lymph nodes in patients with rectal

cancer after neoadjuvant chemoradiation was evaluated.

They postulated that patients with persisting F-18 FDG

uptake in inguinal lymph nodes had a worse prognosis. We

could not support this hypothesis, since survival of our

patients was favorable. Furthermore lymphatic drainage of

rectal cancer cells into inguinal lymph nodes is a matter of

controversy and rarely seen [32].

Two F-18 FLT PET/CT studies exhibited inguinal nodal

uptake challenging the selectivity of F-18 FLT as a pro-

liferation marker. Troost et al. [33] analyzed the value of

F-18 FLT PET for determining the lymph node status in 10

patients with squamous cell carcinoma of the head and

neck. Nine patients showed F-18 FLT PET-positive lymph

nodes, but only 3 of these patients had histologically pro-

ven metastases. In the remaining 7 patients, an abundance

of Ki-67 and iododeoxyuridine staining of B-lymphocytes

in germinal centers of PET-positive lymph nodes could be

seen, explaining the high rate of false-positive findings.

Semi-quantification is essential in therapy monitoring.

In small lesion, i.e., lymph node metastasis, SUV mea-

surements are biased by the partial-volume effect mainly

caused by the limited spatial resolution of PET detectors

and image sampling.

Among many parameters SUVmax has been shown to

reflect reliably maximum glucose metabolism in tumor

tissue in F-18 FDG studies and maximum proliferation rate

in F-18 FLT studies [34]. In accordance with international

guidelines we employed the SUVmax for the measurement

of tracer uptake being reproduced reliably as evidenced by

cross-calibration data. However, this is only one important

aspect of standardization in (multi-center) clinical trials

which are defined in current EANM procedure guidelines

[34, 35].

Limitations of the study: Only a small number of

patients were enrolled in this study, due to the complicated

immunohistochemical work-up. Another limitation of the

study is that none of the inguinal lymph nodes (either

unilateral or bilateral) seen post therapeutically was

resected. However, no patient presented with inguinal

lymph node metastasis or local recurrence during a mean

follow-up period of 4.1 years. The clinical course makes it

very likely that the increased F-18 FLT uptake after RCT in

inguinal lymph nodes can be related to an unspecific

inflammatory reaction to radiation therapy.

Notably, F-18 FLT PET/CT was still able to detect

lymph node metastases in our patients. However, all lymph

node metastases could be seen with F-18 FDG PET/CT, as

well. F-18 FDG PET/CT imaging even revealed two more

lymph node metastases in one patient.

Conclusion

In summary, clinical response to RCT with capecitabine,

plus weekly oxaliplatin is commonly observed in rectal

292 Ann Nucl Med (2015) 29:284–294
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cancer patients and associated with a significant decrease

of SUVmax in both F-18 FDG and F-18 FLT studies.

However, in our study both F-18 FLT and F-18 FDG PET/

CT imaging did not reliably separate patients with histo-

pathological response (TRG 1a and b) and immunohisto-

chemical remission (percentage of Ki-67 positive cells

\10 %) from those with incomplete response. Thus, this

study does not support the use of single F-18 FLT or F-18

FDG SUV cut-off values for the definition of response.

Two weeks after RCT, the degree of peritumoral lym-

phocyte infiltration as given by CD3 expression had sig-

nificant impact on posttreatment F-18 FDG levels, as did

Ki67 and p53 activity.

Future multi-center studies should address the definition

of complete responders by F-18 FLT and F-18 FDG

imaging under consideration of these important factors

affecting tumor biology and response to RCT. They must

be adequately powered since even advanced schemes of

RCT results in relatively low rates of complete responders,

particularly if defined by both histopathology and

immunohistochemistry.
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