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Abstract
Purpose Accurate assessment of residual disease of tumor and lymph nodes after neoadjuvant immunochemotherapy is 
crucial in the active surveillance for patients with pathological complete response (pCR) and the optimal extent of lym-
phadenectomy for patients with non-pCR. This post hoc analysis aimed to evaluate the performance of 18F-FDG PET/CT to 
predict the pathological response to neoadjuvant immunochemotherapy for esophageal squamous cell carcinoma (ESCC).
Methods Fifty-eight resectable ESCC patients received two cycles of camrelizumab in combination with chemotherapy 
and were enrolled in the final analysis. The 18F-FDG PET/CT scans were acquired at baseline (scan-1) and after immuno-
chemotherapy but prior to surgery (scan-2). Maximum standardized uptake value  (SUVmax), mean standardized uptake value 
 (SUVmean), tumor-to-blood pool  SUVmax ratio  (SUVTBR), metabolic tumor volume (MTV), and total lesion glycolysis (TLG) 
were evaluated for their association with the pathological response to immunochemotherapy.
Results Nineteen patients (32.8%, 19/58) had pCR and thirty-nine patients (67.2%, 39/58) had non-pCR after two doses of 
camrelizumab and chemotherapy. At scan-2, the  SUVmax,  SUVmean,  SUVTBR, TLG, and MTV were significantly lower in 
pCR than in non-pCR patients. Decrease in TLG and MTV between scan-2 and scan-1 of the same patient was significantly 
higher in the pCR than in the non-pCR group. In the receiver operating characteristic curve analysis,  SUVmax,  SUVmean, 
 SUVTBR, TLG, and MTV in scan-2 showed excellent predictive value for the pCR of primary tumors. Furthermore,  SUVmax 
in scan-2 were higher in positive lymph nodes than in negative ones, suggesting a high negative predictive ability (98.6%) 
with a cut-off value at 1.4.
Conclusion The parameters of 18F-FDG PET/CT have the excellent performance for predicting pCR after the combined 
neoadjuvant immunochemotherapy in resectable ESCC.
Trial registration ChiCTR2000028900. Registered on January 6, 2020.
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SUVTBR  Tumor-to-blood pool  SUVmax ratio
MTV  Metabolic tumor volume
TLG  Total lesion glycolysis
nCRT   Neoadjuvant chemoradiotherapy
PD-1  Programmed cell death 1
DFS  Disease-free survival
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EC  Esophageal cancer

Xiaoyan Wang, Weixiong Yang, and Qian Zhou contributed equally 
as first authors.

This article is part of the Topical Collection on Oncology—Digestive tract.

 * Xiangsong Zhang 
 zhxiangs@mail.sysu.edu.cn

 * Chao Cheng 
 chengch3@mail.sysu.edu.cn

Extended author information available on the last page of the article

/ Published online: 23 June 2022

European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:4241–4251

http://orcid.org/0000-0003-3571-8154
http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-022-05872-z&domain=pdf


1 3

18F-FDG  Fluorine 18-fluorodeoxyglucose
SAD  Short axis diameter
IQR  Interquartile range
ROC  Receiver operating characteristic
AUC   Area under the ROC curve
PPV  Positive predictive value
NPV  Negative predictive value
CI  Confidence intervals
LN  Lymph node

Introduction

Neoadjuvant chemoradiotherapy (nCRT) followed by sur-
gery reportedly prolongs survival compared with surgery 
alone and has become the standard treatment for clinical 
stage II/III esophageal squamous cell carcinoma (ESCC) [1, 
2]. Nonetheless, the clinical benefit of nCRT is still subop-
timal and unsatisfactory due to the toxicity and increased 
risk of perioperative morbidity or mortality [3]. Emerging 
evidence showed that the programmed cell death 1 (PD-
1) blockade in combination with chemotherapy can induce 
optimal tumor regression and even bring a survival benefit 
to patients with advanced ESCC [4, 5]. Recently, we have 
conducted a clinical trial to examine the safety and feasibil-
ity of using the combination of neoadjuvant PD-1 blockade 
with chemotherapy in patients with ESCC, and found this 
regimen had good safety and favorable anti-tumor efficacy 
with a pathological complete response (pCR) of 25% [6]. 
Many studies have demonstrated that pCR is associated with 
a longer disease-free survival (DFS) and overall survival 
(OS) duration [7, 8]. In view of the substantial postopera-
tive morbidity and the decrease of quality of life associated 
with esophagectomy, active surveillance approach could be 
implemented and improve outcomes in patients with pCR 
after neoadjuvant therapy [9]. Therefore, how to select 
patients achieving pCR after neoadjuvant immunochemo-
therapy is a major unmet need in clinical practice. Moreover, 
classification of nodal metastases is also crucial for patients 
with non-pCR who need esophagectomy and lymphadenec-
tomy. To clarify the positive and negative lymph nodes 
before surgery is helpful for the surgeon to perform limited 
lymph node dissection and decrease the postoperative com-
plications associated with lymphadenectomy [10].

The conventional imaging modalities, such as computed 
tomography (CT), are only evaluated by using morphologi-
cal imaging. It is difficult to distinguish viable tumors from 
necrotic or fibrotic tissue, resulting in the insufficient preci-
sion to reliably assess the response to neoadjuvant therapy 
in esophageal cancer (EC) [11]. Fluorine 18 (18F)-fluorode-
oxyglucose (FDG) positron emission tomography/computed 
tomography (PET/CT) can reflect the change in tumor meta-
bolic activity and tumor viability independent of underlying 

structural changes by measuring the intensity of FDG uptake 
[12]. In EC, functional imaging using 18F-FDG PET/CT can 
provide additional information of tumor metabolic that may 
eventually lead to therapeutic consequences [13]. Previ-
ous studies have found a direct association between maxi-
mum standardized uptake value  (SUVmax) and pathological 
response to nCRT in patients with potentially resectable EC 
[14–16]. But the influence of immunotherapy on the inten-
sity of FDG uptake in 18F-FDG PET/CT remains unclear. 
The accuracy of response assessment in immunotherapy is 
radiologically challenging yet [17]. In recent studies, it was 
reported that 18F-FDG PET/CT could predict pathological 
remission to the neoadjuvant immunotherapy in patients 
with resectable non-small cell lung cancer [18, 19]. To the 
best of our knowledge, there has been no evidence to sup-
port the effectiveness of 18F-FDG PET/CT in evaluating the 
pathological response to the neoadjuvant immunochemo-
therapy for ESCC patients.

This study is based on an investigator-initiated, single-
arm, prospective clinical trial of neoadjuvant PD-1 block-
ade in combination with nab-paclitaxel and carboplatin 
for resectable ESCC in our cancer center. This study was 
launched to address the knowledge gaps regarding on the 
relationship between tumor metabolic parameters of 18F-
FDG PET/CT and the pathological response to the neoad-
juvant PD-1 blockade in combination with chemotherapy 
for resectable ESCC.

Materials and methods

Study design and participants

A prospective, single-center, single-arm, investigator-ini-
tiated, clinical trial study, which was registered at http:// 
www. chictr. org. cn/ (ChiCTR2000028900), was completed 
and reported (PMID: 35,022,193). The Ethics Committee 
of the First Affiliated Hospital of Sun Yat-sen University 
approved this prospective study and written informed con-
sents were obtained from patients before PET/CT examina-
tions. Eligible patients were 18–80 years old with patho-
logically or cytologically confirmed esophageal squamous 
cell carcinoma (stage II–IIIB, AJCC 8th edition) [20] that 
were surgically resectable. All patients had not received 
chemotherapy, radiotherapy, or surgery related to esophageal 
cancer previously, with an Eastern Cooperative Oncology 
Group Performance Status of 0 or 1, and adequate organ 
function. Exclusion criteria were previous immunotherapy, 
known allergy to any monoclonal antibody or chemotherapy 
drug, active known autoimmune disease and symptomatic 
treatment of the disease or 2 years history before, known 
history of primary immunodeficiency, known active tuber-
culosis, severe and uncontrolled infections, congestive heart 
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failure with grades III–IV, history of interstitial lung disease, 
uncontrolled hypertension, any arterial thromboembolic 
events occurred 6 months prior to inclusion, significant mal-
nutrition, or other primary malignant tumors. Patients had 
PET/CT examinations at various time points in the course 
of clinical care at the discretion of the primary oncology 
team and were not mandated by the clinical trial protocol. 
Patients who did not have PET/CT scans within 1 week prior 
to surgery (scan-2) were not included for further analysis.

Neoadjuvant immunochemotherapy

The patients who were eligible to participate this clinical 
trial received two cycles of neoadjuvant PD-1 immuno-
therapy and chemotherapy before surgery: camrelizumab 
200 mg, carboplatin (area under the curve [AUC] = 5 mg/
mL/min), and nab-paclitaxel (260 mg/m2) that were admin-
istered intravenously on day 1 and day 22. Complete tumor 
resection was scheduled approximately 3–6 weeks after the 
first day of the second treatment cycle.

18F‑FDG PET/CT imaging

PET/CT examinations were performed from calvarium and 
mid-femur using an integrated PET/CT (Discovery MI, GE 
Healthcare). Patients were instructed to fast for at least 6 h 
prior to their PET/CT scans, ensuring a normal blood glu-
cose level in the range of 2.9–6.0 mmol/L. All patients rested 
for at least 1 h after the intravenous injection of 18F-FDG 
with a dose from 5.55 MBq/kg. The same scanning range 
CT (120 kV, 120–180 mA, slice thickness 1.25 mm) was 
acquired for anatomical localization and attenuation correc-
tion. PET imaging was performed from the acquisition in a 
three-dimensional mode with 1 min per bed position. The 
scanning range was covered with six- to seven-bed positions. 
Then, the scan results were reconstructed using the super 
iterative algorithm.

Measurements of PET parameters

All images were observed and analyzed using PET volume 
computed assisted reading (PETVCAR) system, which is an 
automated segmentation software system with an Advantage 
Workstation (version 4.7; GE Healthcare). A volume-of-
interest (VOI) around the whole tumor was auto-contoured 
and segmented using a boundary box. Two experienced 
nuclear medicine physicians would modify the VOI to ensure 
this 3-dimensional cube contained all the FDG-PET positive 
area and excluded the negative normal tissue in either of the 
axial, sagittal, and coronal planes. The following metabolic 
parameters of primary tumor were calculated by PETVCAR: 
maximum standardized uptake value  (SUVmax), mean stand-
ardized uptake value  (SUVmean), metabolic tumor volume 

(MTV), and total lesion glycolysis (TLG). The  SUVmax of 
the blood pool was calculated using a round-shaped 10-mm 
in the aortic arch (without involving the vessel wall). Then, 
the ratio of  SUVmax of primary tumor to  SUVmax of blood 
pool  (SUVTBR) was calculated. The post-treatment percent-
age changes of metabolic parameters were calculated as fol-
lows (take ΔSUVmax% for example): ΔSUVmax% =  (SUVmax 
of scan-2 −  SUVmax of scan-1)/SUVmax of scan-1 × 100%. 
Furthermore, SUVmax and short axis diameter (SAD) of 
the regional lymph node were recorded.

Pathological assessments

Pathological response was assessed by pathologists through 
measurement of the percentage of residual viable tumor 
after primary tumor resection, which was identified by 
routine hematoxylin and eosin staining. Tumors without 
viable tumor cells were considered pathological complete 
response (pCR) [21]. The status of lymph node metastases 
was recorded.

Statistical analysis

Categorical variables were summarized with frequency and 
proportion. All data were verified for normal distribution 
with Shapiro–Wilk test and for homogeneity of variance 
with Levene’s test. Normally distributed data were summa-
rized as mean ± standard deviation (SD), median, and range. 
The independent sample t test was used to compare them 
between two groups. Non-normally distributed data were 
summarized as the median and interquartile range (IQR). 
Mann–Whitney U tests were used to compare the metabolic 
parameters between two groups. The categorical variables 
were analyzed by chi-square or Fisher’s exact test.

Tumor patients were categorized into the pCR and non-
pCR groups according to their pathological outcomes. 
Receiver operating characteristic (ROC) curve analysis was 
used to evaluate the diagnostic performance and to deter-
mine the optimal cut-off value of each metabolic parameter 
to identify pCR patients. We also examined the performance 
of two PET/CT scans to identify positive lymph nodes in the 
lymph node level using ROC analysis. Internal validation 
was performed using fivefold cross validation. Statistically 
significant factors in the univariate analysis were checked for 
collinearity using Spearman’s rank correlation and variables 
that showed no collinearity with others (correlation coeffi-
cient less than 0.7) were fed into a multivariate binary logis-
tic regression analysis [22]. The cut-off values for the ROC 
curve analysis were determined by the Youden index. Area 
under the ROC curve (AUC), sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV), 
and accuracy and their 95% confidence intervals (95% 
CIs) were estimated. DeLong’s test was used to compare 
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two ROC curves. All data analyses were performed using 
IBM SPSS Statistics for Windows, version 25.0 (IBM Corp, 
Armonk, NY, USA) (IBM Corp. Released 2017. IBM SPSS 
Statistics for Windows, version 25.0. Armonk, NY: IBM 
Corp.) and MedCalc for Windows, version 20.022 (MedCalc 
Software, Mariakerke, Belgium). Spearman’s correlation 
coefficient and fivefold cross-validation was implemented 
in PerformanceAnalytics package and Caret package from 
R version 4.1.3 (https:// www.R- proje ct. org/). All tests were 
two-sided and the statistical significance was set at P < 0.05.

Results

Patient characteristics

From January 2020 to November 2021, a total of 81 
patients with ESCC were screened for eligibility. Even-
tually, 79 eligible patients were enrolled (Fig. 1). The 
79 patients received two cycles of neoadjuvant camre-
lizumab and chemotherapy. Twenty-one patients were 
excluded because twenty patients did not have PET/CT 
scans before surgery and one patient refused surgery. 

Finally, 58 patients were included in this analysis. Among 
the 58 patients, 19 patients (19/58, 32.8%) had pathologi-
cal complete response (pCR), while the other 39 patients 
(39/58, 67.2%) did not. The patients had a median age 
of 59 years old, and most patients (46/59, 79.3%) were 
male. There was no significant difference in baseline 
characteristics and between pCR and non-pCR patients 
in terms of age, gender, smoking history, drinking his-
tory, clinical tumor stage, clinical lymph node stage, and 
clinical stage (Table 1). The location of tumors was dif-
ferent between the pCR and non-pCR group (P = 0.006). 
Among the pCR patients, 6 patients (6/19, 31.6%) had the 
tumor in upper esophagus, 8 patients (8/19, 42.1%) had 
the tumor in middle esophagus, and the other 5 patients 
(5/19, 26.3%) had the tumor in lower esophagus. As for 
the non-pCR patients, 1 patient (1/39, 2.6%) had the tumor 
in upper esophagus, 20 patients (20/39, 51.3%) had the 
tumor in middle esophagus, and the other 18 patients 
(18/39, 46.2%) had the tumor in lower esophagus. Of the 
58 patients, 42 patients took 18F-FDG PET/CT examina-
tion both at baseline (scan-1) and before surgery (scan-2), 
while the other 16 patients underwent 18F-FDG PET/CT 
examination only before surgery (scan-2).

Fig. 1  Flowchart of the study. 
pCR, pathologic complete 
response; CT, computed 
tomography; PET/CT, positron 
emission tomography/computed 
tomography
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Tumor metabolic parameters of 18F‑FDG PET/CT prove 
a significant difference between pCR and non‑pCR 
groups

At scan-1, there was no significant difference after Bonfer-
roni correction in  SUVmax,  SUVmean,  SUVTBR, MTV, and 
TLG between the pCR and non-pCR groups (Table 2, Sup-
plemental Fig. 1). All metabolic parameters of scan-2 were 
significantly lower in patients with pCR than in those with 
non-pCR (P < 0.001, P < 0.001, P < 0.001, P = 0.001, and 
P < 0.001 for  SUVmax,  SUVmean,  SUVTBR, TLG, and MTV, 
respectively).

Delta TLG% and MTV% were significantly lower in the 
pCR group than in the non-pCR group after neoadjuvant immu-
nochemotherapy (P = 0.003 and P = 0.002). Delta  SUVmax%, 
 SUVmean%, and  SUVTBR% showed no significant differences 
between the two groups (Table 2, Supplemental Fig. 1).

Tumor metabolic parameters of 18F‑FDG PET/CT 
predict the therapeutic response of pCR

At scan-1, TLG (AUC, 0.716) and MTV (AUC, 0.721) dis-
criminated pCR from patients with non-pCR. The following 
parameters at scan-2 correlated with pathological assessment 

discriminated pCR:  SUVmax (AUC, 0.848),  SUVmean (AUC, 
0.853), TLG (AUC, 0.850), MTV (AUC,0.856), and above 
all  SUVTBR (AUC, 0.860 [95%CI: 0.760, 0.959]; cut-off 
value, 2.1) providing 69.6% (16/23) PPV and 91.4% (32/35) 
NPV (Table 3, Supplemental Fig. 2), but the pairwise com-
parison ROC curve analysis among them did not show 
difference in DeLong’s test (Supplemental Table 1). The 
internal validation AUCs of metabolic parameters on pre-
dicting pCR were similar to those AUCs in initial discovery 
at scan-2 (Supplemental Table 2). The percentage changes of 
delta TLG% (AUC, 0.762) and delta MTV% (AUC, 0.772) 
between scan-1 and scan-2 discriminated pCR from non-
pCR patients (Table 3). According to the univariate analy-
ses and correlation tests (Supplemental Fig. 3), metabolic 
parameters of PET scans were selected for inclusion in 
logistic regression models. The MTV of scan-1,  SUVmax of 
scan-2, and ΔMTV% were included in binary logistic regres-
sion analysis to predict pCR. Independent variables in the 
regression models did not indicate significant collinearity 
(variance inflation factor < 10 and tolerance > 0.1) in col-
linearity diagnostic test (Supplemental Table 3). The mul-
tivariate logistic regression achieves AUC of 0.888, which 
is significantly higher than MTV of scan-1 (P = 0.034) but 
did not show significant difference with  SUVmax of scan-2 

Table 1  Characteristics of the patients according to tumor pathological complete response

pCR, pathological complete response
Value in bold is statistically significant

Characteristic All patients
(n = 58)

Patients with pCR
(n = 19)

Patients without pCR
(n = 39)

P value

Age (year)
 Median (range)

59 (43, 79) 63 (48, 77) 58 (43, 79) 0.445

Sex, no. (%)
 Male
 Female

46 (79.3)
12(20.7)

15 (78.9)
4 (21.1)

31 (79.5)
8 (20.5)

1.000

Smoking status, no. (%)
 Never
 Former or current

28 (48.3)
30 (51.7)

7 (36.8)
12 (63.2)

21 (53.8)
18 (46.2)

0.224

Drinking status, no. (%)
 Never
 Former or current

37 (63.8)
21 (36.2)

12 (63.2)
7 (36.8)

25 (64.1)
14 (35.9)

0.944

Clinical tumor stage, no. (%)
 2
 3

7 (12.1)
51 (87.9)

3 (15.8)
16 (84.2)

4 (10.3)
35 (89.7)

0.673

Clinical lymph node stage, no. (%)
 N0
 N1
 N2

25 (43.1)
25 (43.1)
8 (13.8)

8 (42.1)
8 (42.1)
3 (15.8)

17 (43.6)
17 (43.6)
5 (12.8)

0.954

Clinical stage, no. (%)
 II
 III

25 (43.1)
33 (56.9)

8 (42.1)
11 (57.9)

17 (43.6)
22 (56.4)

0.915

Tumor location in the esophagus, no. (%)
 Upper third
 Middle third
 Lower third

7 (12.1)
28 (48.3)
23 (39.7)

6 (31.6)
8 (42.1)
5 (26.3)

1 (2.6)
20 (51.3)
18 (46.2)

0.006
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or ΔMTV% (Table 3, Supplemental Table 4, Supplemen-
tal Fig. 4). Figure 2 a–f show two representative cases for 
patient with pCR and non-pCR.

PET/CT identified lymph node (LN) involvement

A total of 484 nodal stations from 58 participants were 
evaluated in our study (mean number of nodal stations 
sampled per patient: 8.3). Of these lymph nodes, 21 lymph 
node stations (21/484, 4.3%) in 12 patients (12/59, 20.7%) 
proved positive after surgery. At scan-1,  SUVmax and SAD 
were significantly higher after Bonferroni correction in LN 
involvement (+) group than LN involvement (−) group 
(P = 0.002 and P < 0.001). At scan-2,  SUVmax of lymph node 
was higher in the LN involvement (+) group than in the LN 
involvement (−) group but did not show statistical signifi-
cance after Bonferroni correction (P = 0.009), while there 
was no significant difference in SAD between LN involve-
ment (+) and LN involvement (−) group. Delta  SUVmax% 
and SAD% between scan-1 and scan-2 showed no significant 
difference between the two groups (Table 4).

From ROC analysis of scan-1, the optimal cut-off value for 
 SUVmax (AUC, 0.733) and SAD (AUC, 0.769) distinguishing 
metastatic lymph nodes from benign ones was 4.8 and 6.5 mm, 
respectively. However, ROC curve combined  SUVmax and SAD 

did not show difference with univariate ROC curves (Table 5, Sup-
plemental Table 5, Supplemental Fig. 5). At scan-2, the diagnostic 
performance of  SUVmax (AUC, 0.746; cut-off value 1.4) to distin-
guish metastatic from benign nodes was significantly better than 
that of SAD (AUC, 0.605; cut-off value 9.5) in the DeLong’s test 
(P = 0.014), but combined ROC curves of them (AUC, 0.737) did 
not show better diagnostic performance than  SUVmax (P = 0.333) 
(Table 5, Supplemental table 6, Supplemental Fig. 5). Moreover, 
there was no significant differences between the combined ROC 
curves of scan-1 and scan-2 (P = 0.918). The internal validation 
AUCs of metabolic parameters on predicting LNs ( +) were similar 
to those AUCs at scan-1 and scan-2 in initial discovery (Supple-
mental Table 2). By setting the cut-off value of  SUVmax of scan-2 
at 1.4, the sensitivity, specificity, accuracy, PPV, and NPV were 
81.0% (17/21), 61.1% (283/463), 62.0% (300/484), 8.6% (17/197), 
and 98.6% (283/287), respectively (Table 5). Figure 2 g–i show a 
representative false-positive lymph node in FDG PET/CT imaging.

Discussion

To the best of our knowledge, this is the first study to report 
the role of 18F-FDG PET/CT in predicting the pathological 
response to the neoadjuvant PD-1 blockade in combination 
with chemotherapy for the treatment of resectable ESCC. 

Table 2  Characteristics of 
metabolic parameters according 
to tumor pathological complete 
response

pCR, pathological complete response; IQR, interquartile range; SUVmax, maximum standardized uptake 
value; SUVmean, mean standardized uptake value; SUVTBR, the tumor-to-blood pool  SUVmax ratio; MTV, 
metabolic tumor volume; TLG, total lesion glycolysis
a n = 42, including 16 patients with pCR and 26 patients with non-pCR; bn = 58, including 19 patients with 
pCR and 39 patients with non-pCR
Bold font indicates statistical significance after Bonferroni correction (i.e., P < 0.003)

Metabolic parameters pCR
Median and IQR

non-pCR
Median and IQR

z value P value

Scan-1a

  SUVmax 14.7 (6.5, 21.6) 16.6 (11.6, 22.7)  − 1.412 0.158
  SUVmean 9.6 (3.7, 14.3) 10.3 (7.4, 13.6)  − 1.205 0.228
  SUVTBR 11.4 (5.3, 17.5) 11.2 (8.1, 19.4)  − 1.088 0.277
 TLG 44.4 (18.3, 104.8) 105.2 (50.4, 210.5)  − 2.331 0.020
 MTV 6.5 (2.7, 9.8) 11.5 (5.9, 21.5)  − 2.383 0.017

Scan-2b

  SUVmax 2.0 (1.7, 2.9) 4.7 (2.8, 9.0)  − 3.678  < 0.001
  SUVmean 1.5 (1.2, 1.7) 2.9 (1.9, 5.2)  − 3.512  < 0.001
  SUVTBR 1.7 (1.4, 1.2) 4.4 (2.3, 6.0)  − 4.144  < 0.001
 TLG 0.0 (0.0, 0.0) 3.8 (1.5, 19.0)  − 3.364 0.001
 MTV 0.0 (0.0, 0.0) 2.2 (0.8, 6.1)  − 3.525  < 0.001

The percentage changes (Δ%) between scan-1 and scan-2a

 ΔSUVmax%  − 74.6 (− 89.6, − 64.9,)  − 72.6 (− 85.0, − 53.2)  − 1.476 0.140
 ΔSUVmean%  − 73.1 (− 89.5, − 56.2)  − 71.6 (− 82.4, − 56.0)  − 1.269 0.204
 ΔSUVTBR%  − 81.9 (− 89.4, − 46.1)  − 60.2 (− 79.0, − 48.3)  − 1.813 0.070
 ΔTLG%  − 100.0 (− 100.0, − 97.4)  − 93.4 (− 99.6, − 84.7)  − 2.921 0.003
 ΔMTV%  − 100.0 (− 100.0, − 93.6)  − 81.3 (− 96.5, − 49.4)  − 3.029 0.002
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The major strengths of our study are its prospective nature 
and the use of well-standardized imaging and therapy pro-
tocols, as well as the direct correlation between 18F-FDG 
PET/CT results and histopathology of the removed primary 
tumors and LNs. We found that metabolic parameters in 
scan-2 after treatment initiation were significantly associated 
with therapeutic response after two cycles of neoadjuvant 
immunochemotherapy treatment. The metabolic parameters 
in scan-2 showed high predictive performance for the pCR 
of primary tumors. Moreover, the  SUVmax of scan-2 before 
surgery had good predictive performance for negative LNs 
(AUC, 0.746) with a NPV of 98.6%.

In our study,  SUVmax (AUC 0.848, cut-off value 2.6) and 
 SUVmean (AUC, 0.853; cut-off value 1.8) would predict pCR 
after two cycles of neoadjuvant immunochemotherapy with 
sensitivity of 73.7% (14/19) and 78.9% (15/19), specific-
ity of 87.2% (34/39) and 82.1% (32/39), and PPV of 73.7% 
(14/19) and 68.2% (15/22), respectively, suggesting that 
18F-FDG PET/CT is efficient for predicting the pathologi-
cal response of primary tumors. Previous systematic review 
and meta-analysis concluded that the efficacy of  SUVmax 
in detecting residual disease after nCRT or neoadjuvant 
chemotherapy for EC is insufficient because the sensitiv-
ity, specificity, and PPV were only 62%, 73%, and 41%, 

respectively [21, 23]. Additionally, the overall classification 
accuracy of  SUVmax in detecting residual disease after neo-
adjuvant immunochemotherapy (AUC, 0.848) in our study 
is also better than that of  SUVmax in detecting residual dis-
ease after nCRT (AUC, 0.64–0.71) as reported previously 
[24, 25]. The radiation-induced esophagitis after nCRT can 
increase 18F-FDG uptake, resulted in the high frequency 
of false positivity, and limited diagnostic performance for 
detecting locoregional disease [26]. Compared with simple 
 SUVmax and  SUVmean based on a pixel, the volume-based 
parameters such as TLG and MTV may be more meaning-
ful in locally advanced ESCC, because they can reflect the 
metabolism of the entire tumor [27]. In our study, volume-
based parameters had similarly favorable diagnostic per-
formance, especially TLG (AUC, 0.850) and MTV (AUC, 
0.856) after neoadjuvant therapy. Hence, we considered that 
metabolic parameters of preoperative PET/CT scan might be 
a robust measurement of tumor metabolism for assessing the 
therapeutic efficacy of neoadjuvant immunochemotherapy 
in ESCC. The present study is valuable for future study to 
establish appropriate cut-off value for response assessment 
as well as to confirm an accurate SUV threshold for volu-
metric analysis in the prediction of pathologic response to 
neoadjuvant immunochemotherapy using PET/CT. Further 

Table 3  Values of the metabolic parameters on predicting tumor pathological complete response

AUC , area under the ROC curve; PPV, positive predictive value; NPV, negative predictive value; SUVmax, maximum standardized uptake value; 
SUVmean, mean standardized uptake value; SUVTBR, the tumor-to-blood pool  SUVmax ratio; TLG, total lesion glycolysis; MTV, metabolic tumor 
volume
* Multivariable: including MTV of scan-1,  SUVmax of scan-2, and ΔMTV%
# The cut-off value determined by Youden index in multivariable binary logistic regression analysis

AUC, estimate (95%CI) Cut-off value Positive diag-
nostic test

Sensitivity
%

Specificity
%

Accuracy
%

PPV
%

NPV
%

Scan-1
  SUVmax 0.631 (0.445, 0.817) 8.1  < 37.5 100.0 76.2 100.0 72.2
  SUVmean 0.612 (0.419, 0.805) 5.0  < 37.5 100.0 76.2 100.0 72.2
  SUVTBR 0.601 (0.413, 0.789) 7.0  < 37.5 96.2 73.8 85.7 71.4
 TLG 0.716 (0.555, 0.877) 58.3  < 68.8 73.1 71.4 61.1 79.2
 MTV 0.721 (0.565, 0.877) 13.5  < 93.8 46.2 64.3 51.7 92.3

Scan-2
  SUVmax 0.848 (0.745, 0.951) 2.6  < 73.7 87.2 82.8 73.7 87.2
  SUVmean 0.853 (0.751, 0.955) 1.8  < 78.9 82.1 81.0 68.2 88.9
  SUVTBR 0.860 (0.760, 0.959) 2.1  < 84.2 82.1 82.8 69.6 91.4
 TLG 0.850 (0.746, 0.953) 1.2  < 84.2 82.1 82.8 69.6 91.4
 MTV 0.856 (0.752, 0.961) 0.4  < 84.2 84.6 84.5 72.7 91.7

The percentage changes (Δ%) between scan-1 and scan-2
 ΔSUVmax% 0.637 (0.457, 0.817)  − 88.3  < 37.5 96.2 73.8 85.7 71.4
 ΔSUVmean% 0.618 (0.430, 0.806)  − 86.2  < 43.8 92.3 73.8 77.8 72.7
 ΔSUVTBR% 0.668 (0.485, 0.851)  − 84.7  < 50.0 92.3 76.2 80.0 75.0
 ΔTLG% 0.762 (0.601, 0.923)  − 99.9  < 75.0 80.8 78.6 70.6 84.0
 ΔMTV% 0.772 (0.615, 0.928)  − 99.3  < 75.0 80.8 78.6 70.6 84.0
 Multivariable* 0.888 (0.789, 0.987) 0.462#  > 87.5 80.8 83.3 73.7 91.3
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studies with larger samples are required to validate the effi-
cacy of 18F-FDG PET/CT in predicting pCR to neoadjuvant 
immunochemotherapy in patients with ESCC.

Restaging the N stage after neoadjuvant therapy is a major chal-
lenge because the radiological appearances of lymph nodes after 
treatment are difficult to interpret due to induced fibrosis and necro-
sis. We also assessed the performance of 18F-FDG PET/CT in pre-
dicting residual LNs after neoadjuvant immunochemotherapy in 
ESCC patients. Under the best cut-off value (1.4),  SUVmax was found 
with high sensitivity (81.0%, 17/21) and low specificity (61.1%, 
283/463) before the surgery in our study. In a systematic review and 
meta-analysis evaluating diagnostic accuracy for detecting regional 

lymph node response after nCRT for EC,  SUVmax (< 2.5) of PET/
CT had high sensitivity (89.0%) and low specificity (50.0%), which 
was consistent from our results [21]. In our study, the NPV was high 
before the surgery (98.6%, 283/287), suggesting that lower  SUVmax 
(< 1.4) can predict low risk of tumor metastasis in LNs. On the other 
hand, given the low PPV (8.6%, 17/197), high false positive rate 
(38.9%, 180/463), and false negative rate (19.0%, 4/21), the accuracy 
of the PET/CT in predicting residual LNs ( +) is insufficient. The 
combination of  SUVmax and SAD could not improve the diagnos-
tic ability of predicting residual LNs any more, as detected in our 
study. Further investigation is required to establish more suitable and 
efficient means for diagnosing residual LNs ( +) after neoadjuvant 

Fig. 2  Two representative cases for patient with tumor pCR or non-
pCR and one representative case for false-positive lymph node in 18F-
FDG PET/CT imaging. a–c A 59-year-old man with upper esopha-
gus carcinoma who achieved pathological complete response after 
two cycles of immunochemotherapy. a Axial fusion image of scan-
1,  SUVmax = 10.4,  SUVmean = 14.6, TLG = 29.0, MTV = 2.0. b Axial 
fusion image of scan-2,  SUVmax = 2.9,  SUVmean = 1.7, TLG = 0.0, 
and MTV = 0.0. c Resection specimen (hematoxylin and eosin 
stain; magnification, 20 ×) showed that this patient had pCR (with-
out viable tumor cells). d–f A 63-year-old man with lower esopha-
gus carcinoma who achieved pathological partial response after two 
cycles of immunochemotherapy. d Axial fusion image of scan-1, 
 SUVmax = 13.9,  SUVmean = 13.7, TLG = 239.6, and MTV = 19.1. 

e Axial fusion image of scan-2,  SUVmax = 13.9,  SUVmean = 8.7, 
TLG = 37.5, and MTV = 4.7. f Resection specimen (hematoxylin and 
eosin stain; magnification, 20 ×) showed that esophageal squamous 
cell tumors infiltrated the muscularis propria. g–i A 45-year-old man 
with middle esophagus carcinoma who had pathological complete 
response after two cycles of immunochemotherapy. g Axial fusion 
image of scan-1, a right upper paratracheal node was deemed to be 
positive  (SUVmax = 16.2, SAD = 21.0  mm). h Axial fusion image of 
scan-2, right upper paratracheal nodes were deemed to be positive 
 (SUVmax = 3.0, SAD = 11.0  mm). i Resection specimen (hematoxy-
lin and eosin stain; magnification, 20 ×) did not show any cancer cell 
metastasis
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immunochemotherapy in ESCC patients using multiple modalities. 
Of note, 18F-anti-PD-L1, 89Zr-nivolumab, and 89Zr-atezolizumab 
as immune-PET molecular imaging agents have been reported to 
offer possibility for assess tumor response to immunotherapy [28, 
29]. Compared to 18F-FDG PET/CT, preclinical studies showed that 
immune-PET is more specific to reflecting tumor microenvironment 
changes (immune cell populations, PD-1/PD-L1 expression) after 
immunotherapy and discriminating immune activated inflammation 
and residual tumor [28, 29]. However, the immune-PET scan is not 
available in clinical practice yet [30]. 18F-FDG PET/CT will remain 
an important imaging tool in monitoring the response of immuno-
therapy due to its accessibility and effectiveness. Further explorations 
are needed to identify the value of immune-PET in assessing the 
response after neoadjuvant immunochemotherapy in ESCC.

Implementing an active surveillance strategy for patients 
with a pCR requires accurate assessment of residual dis-
ease after neoadjuvant treatment. Our study has revealed the 
excellent performance of preoperative 18F-FDG PET/CT for 
predicting pCR to the neoadjuvant immunochemotherapy in 
resectable ESCC, suggesting that preoperative 18F-FDG PET/
CT could be a useful tool to select patients who would achieve 
pCR after neoadjuvant immunochemotherapy in clinical prac-
tice. The present study is also valuable for future clinical trials 
to establish appropriate SUV threshold and cut-off value for 
pCR assessment in the response to neoadjuvant immunochem-
otherapy using 18F-FDG PET/CT in ESCC. Additionally, in 
ESCC patients with negative LNs evaluated by 18F-FDG PET/
CT before surgery, lymphadenectomy could be avoided in 
those negative LNs stations. It would be a hint for the thoracic 

Table 4  Characteristics of 
lymph node (LN) stations 
(n = 484) from 58 patients 
according pathological 
involvement

IQR, interquartile range; SUVmax, maximum standardized uptake value; SAD, short axis diameter
a n = 374, including 16 lymph node stations involvement and 358 lymph node stations without involvement 
from 31 patients; bn = 484, including 21 lymph node stations involvement and 463 lymph node stations 
without involvement from 38 patients
Bold font indicates statistical significance after Bonferroni correction (i.e., P < 0.008)

LN involvement ( +)
Median and IQR

LN involvement ( −)
Median and IQR

z value P value

Scan-1a

  SUVmax 3.6 (1.4, 8.0) 1.4 (1.0, 2.0)  − 3.162 0.002
 SAD (mm) 8.0 (6.3, 10.0) 5.0 (4.0, 6.0)  − 3.694  < 0.001

Scan-2b

  SUVmax 1.7 (1.4, 3.4) 1.2 (0.8, 1.6)  − 3.824 0.009
 SAD (mm) 5.0 (4.0, 9.0) 5.0 (4.0, 6.0)  − 1.663 0.096

The percentage changes (Δ%) between scan-1 and scan-2a

 ΔSUVmax% 2.8 (− 61.5, 34.8)  − 17.9 (− 45.9, 14.6)  − 0.488 0.625
 ΔSAD%  − 14.3 (− 48.6, 8.3) 0.0 (− 16.7, 0.0)  − 1.653 0.098

Table 5  Values of the metabolic parameters on predicting lymph node involvement

AUC , area under the ROC curve; PPV, positive predictive value; NPV, negative predictive value; SUVmax, maximum standardized uptake value; 
SAD, short axis diameter
* The cut-off value determined by Youden index in binary logistic regression analysis

AUC, estimate (95%CI) Cut-off value Positive diag-
nostic test

Sensitivity
%

Specificity
%

Accuracy
%

PPV
%

NPV
%

Scan-1
  SUVmax 0.733 (0.586, 0.880) 4.8  > 50.0 95.5 93.6 33.3 97.7
 SAD 0.769 (0.633, 0.905) 6.5  > 75.0 76.0 75.9 12.2 98.6
  SUVmax + SAD 0.770 (0.631, 0.908) 0.036*  > 75.0 72.9 73.0 11.0 98.5

Scan-2
  SUVmax 0.746 (0.644, 0.849) 1.4  > 81.0 61.1 62.0 8.6 98.6
 SAD 0.605 (0.467, 0.743) 9.5  > 23.8 97.4 94.2 29.4 96.6
  SUVmax + SAD 0.737 (0.629, 0.845) 0.462*  > 76.2 61.1 61.8 8.2 98.3

The percentage changes (Δ%) between scan-1 and scan-2
 ΔSUVmax% 0.536 (0.358, 0.714) 21.4  > 43.8 77.4 75.9 8.0 96.9
 ΔSAD% 0.618 (0.442, 0.794)  − 43.7  < 31.3 97.2 94.4 33.3 96.9
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surgeon to select the optimal extent of lymphadenectomy and 
perform limited lymph node dissection to minimize operative 
and post-operative complications.

The present study has some limitations. First, it was a 
single-center study and the number of enrolled patients was 
small. Further studies with more samples are required to verify 
the efficacy of 18F-FDG PET/CT in predicting the pathologi-
cal response to neoadjuvant immunotherapy in ESCC patients. 
Second, the follow-up time was short and the median sur-
vival was not reached. We believe that longer follow-up period 
is needed to examine whether PET parameters on primary 
tumors and lymph nodes could predict survival outcomes in 
patients with ESCC treated with neoadjuvant PD-1 blockade 
combined with chemotherapy followed by surgery.

In summary, the results of this study suggest that 18F-FDG 
PET/CT is a useful tool for predicting the pathological response 
of primary tumors and LNs to neoadjuvant PD-1 blockade in 
combination with chemotherapy for resectable ESCC. Further 
studies with larger sample size would be beneficial to validate 
this conclusion and to examine whether pre-operative 18F-FDG 
PET/CT after neoadjuvant immunochemotherapy is feasible to 
optimize lymph node dissection in the surgical resection with 
curative intent.
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