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Abstract

Purpose Intraoperative frozen section pathology (FS) is widely used to guide surgical strategies while the accuracy is
relatively low. Underestimating the pathological condition may result in inadequate surgical margins. This study aims
to identify CT imaging features related to upgraded FS and develop a predictive model.

Methods Collected data from 860 patients who underwent lung surgery from January to December 2019. We analyzed
the consistency rate of FS and categorized the patients into three groups: Group 1 (n=360) had both FS and Formalin-
fixed Paraffin-embedded section (FP) as non-invasive adenocarcinoma (IAC); Group 2 (n=128) had FS as non-IAC but
FP as IAC; Group 3 (n=372) had both FS and FP as IAC. Clinical baseline characteristics were compared and propensity
score adjustment was used to mitigate the effects of these characteristics. Univariate analyses identified imaging features
with inter-group differences. A multivariate analysis was conducted to screen independent risk factors for FS upgrade,
after which a logistic regression prediction model was established and a receiver operating characteristic (ROC) curve
was plotted.

Results The consistency rate of FS with FP was 84.19%. 26.67% of the patients with non-IAC FS diagnosis were upgraded
to IAC. The predictive model’s Area Under Curve (AUC) is 0.785. Consolidation tumor ratio (CTR) < 0.5 and smaller nodule
diameter are associated with the underestimation of IACin FS.

Conclusion CT imaging has the capacity to effectively detect patients at risk of upstaging during FS.
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1 Introduction

According to the American Cancer Society, lung cancer remains the second most prevalent and the leading cause of
death from malignant tumors [1]. With the routine use of low-dose CT scans for physical examinations, an increasing
number of early-stage lung cancers are detected [2]. Lobectomy is the standard procedure for treating lung cancer.
The conflict between radical tumor removal and the patient’s desire to retain healthy lung tissue has led to studies
such as JCOGO0201, JCOG0802, and JCOG0804 on the prognosis of sublobar resection versus lobectomy [3-5].
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The 5-year postoperative survival rate for adenocarcinoma in situ (AlS) and minimally invasive adenocarcinoma
(MIA) patients reaches or approaches 100%, while the prognosis for IAC is relatively poorer [6]. According to the clas-
sification criteria of IASLC/ATS/ERS from 2011, atypical adenomatous hyperplasia (AAH), distinct from AlS, MIA, and
IAC, corresponds to squamous dysplasia and typically measures less than 5 mm [7]. Some studies suggest that the
treatment time window for lung cancer includes the AIS and MIA stages in pathology [8]. Surgical intervention is not
recommended for AAH. Therefore, this study excluded nodules with pathological results indicating AAH.

Sublobar resection is suitable for AIS/MIA patients [9], whereas the surgical approach for IAC patients is more
complicated, possibly related to factors like nodule size [10, 11]. This requires surgeons to select appropriate surgical
methods based on potential pulmonary nodule pathology. Studies have confirmed that preparing rapid intraopera-
tive frozen sections and deciding whether to expand the surgical plan based on intraoperative pathology results can
effectively guide surgical procedures and have been widely adopted [12, 13]. FS can effectively identify early lesions
[14], opting for a more conservative surgical approach to protect the patient’s healthy lung tissue [15]. According to
the JCOG series studies results, nodules with a diameter greater than 3 cm should undergo pulmonary lobectomy.
In comparison nodules with a diameter of 3 cm or less should have their surgical approaches determined with CTR
[16]. The choice of surgical approach for such nodules can be challenging, and the accuracy of FS is particularly
crucial in these cases.

However, FS has some errors due to the histological heterogeneity of lung adenocarcinoma, errors in sampling and
interpretation, and suboptimal sample quality, among others. Due to variations in the expertise level among patholo-
gists in different medical institutions, the accuracy of FS varies significantly [14, 17-19]. Much research currently predicts
nodule infiltration levels through CT imaging characteristics, revealing that predicting IAC patients using CT features
like the nodule diameter, CTR, or radiomics has a high accuracy rate [20, 21]. This research aims to study the CT imaging
characteristics of FS upgrade patients, identify lung nodule patients prone to FS upgrades.

2 Methods

This research project was approved by the First Affiliated Hospital of Nanjing Medical University. Individual patient
informed consent was waived due to the anonymous data management and the retrospective nature of this study.

2.1 Patients

This research involves a retrospective analysis. The study retrospectively analyzed patients who underwent lung surgery
at the First Affiliated Hospital of Nanjing Medical University from January to December 2019. Inclusion and exclusion
criteria were set as follows:

Inclusion Criteria:

1. Postoperative pathology suggested adenocarcinoma;

2. No neoadjuvant treatment before surgery;

3. Only asingle lung nodule was operated on, or for multiple nodules, only the one with the highest degree of infiltra-
tion was studied.

Exclusion Criteria:

—_

Incomplete medical records or imaging data.

Patients with other lung diseases affecting the measurement accuracy such as pneumonia, interstitial lung disease,
tuberculosis, etc.;

Previous lung surgery on the same side;

Metastatic tumors from other organs in the lung;

Pathology results as AAH;

Purely solid nodules;

Nodule diameter>3 cm;

N

Nousw
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1260 lung adenocarcinoma patients were included, with 120 excluded due to lost medical or imaging records, 16
after neoadjuvant therapy, 25 with surgery on the same side of the lung, 31 with lung inflammation, 17 with metastatic
cancer, 7 with adenosquamous carcinoma, 22 with mucinous adenocarcinoma, 31 with AAH pathology results, 78 with
purely solid nodules, and 53 with nodules larger than 3 cm in diameter. The remaining 860 patients were included in the
study. For the purposes of this research, patients were divided into the following three groups: Group 1 (FS as non-IAC)
360 cases, Group 2 (FS as non-IAC) 128 cases, Group 3 (both FS and FP as IAC) 372 cases. (Fig. 1).

2.2 Data collection procedures
2.2.1 Evaluation of radiologic findings

The imaging software was set to a lung window width of 1,600 Hu and window level of -600 Hu. Two radiologists spe-
cializing in thoracic imaging and one thoracic surgeon jointly reviewed the images. Before reviewing, the data was
anonymized; the three doctors were unaware of the patient’s basic information, surgical plan, and pathological results.
The diameter of the nodule and the solid component were measured in the cross-sectional view, and the average was
taken from the measurements made by the three doctors. The CTR was calculated as the diameter of the solid compo-
nent divided by the diameter of the nodule, following the measurement standards recommended by the Fleischner
Society [22].

2.2.2 Evaluation of intraoperative FS results and FP findings

The diagnosis of the pathological results was based on the classification criteria of IASLC/ATS/ERS from 2011[7].Clinical
information and imaging data are available when it's necessary.

2.3 Statistical analysis

All statistical analyses and prediction model were completed using the R language. Firstly, univariate analysis was con-
ducted on the patients’ clinical baseline characteristics. When there was significant difference, a 1:2 propensity score
matching was used to balance the baseline characteristics. Univariate analysis was used to filter radiological features
with group differences. Quantitative data were tested using t-tests, while quantitative data were subjected to a y ? test.
Features with a P value less than 0.05 were included in the multivariate analysis to identify independent risk factors affect-
ing outcomes. Specifically, when comparing Group 1 with Group 2 in order to build a prediction model, LASSO regression
was employed to select independent risk factors and to simplify the model. Logistic regression was then used to build
the prediction model, and ROC curves and nomograms were plotted. When comparing Group 2 with Group 3, to retain
all potential independent risk factors, logistic regression was applied to select independent risk factors and calculated
the AUC and cut-off values for continuous variables. A P value less than 0.05 was considered statistically significant.

3 Results

3.1 Consistency between FS and FP

The study included a total of 860 patients. Among these, 614 patients had consistent pathology results between FS
and FP, yielding an overall accuracy rate of 71.40%. When we grouped AAH, AIS, and MIA as the non-lAC category,

the overall FS accuracy rate reached 84.19%. For IAC patients, the accuracy rate was 74.40%. For those diagnosed as
non-lAC, the FS upgrade rate was 26.67%. (Table 1).
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FS diagnosis to guide surgical strategy

Patients with pulmonary nodules underwent surgery to

from January 2019 to December 2019 (n=1260)

Loss of data (n=120)

After neoadjuvant therapy (n=16)
After ipsilateral lung surgery (n=25)
Concomitant pulmonary inflammation (n=31)

Patients with clear CT images (n=1068)

Metastatic cancer (n=17)

Adenosquamous carcinoma (n=7)
Mucinous adenocarcinoma (n=22)
Atypical adenomatous hyperplasia (n=31)

Primary lung adenocarcinoma patients (n=991)

Tumor size >3cm (n=53)

Pure solid nodules (n=78)

Ground-glass nodules <3cm (n=860)

Group 1 Group 2
FS : Non-IAC FS : Non-IAC
FP : Non-IAC FP : IAC

(n=360) (n=128)

Group 3
FS:1AC
FP:IAC
(n=372)

Fig. 1 Patients’recruitment process

Table 1 Conformance rate FS/FP AAH AIS MIA IAC  Accuracy (%) NonAC  IAC  Accuracy (%)
between FS with FP
NoniAC  AlS 7 69 14 0 7667 352 8 9722
MA 6 83 173 8 64.07
IAC 0 24 104 372 7440 128 372 7440
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Table2 Group 1 and Group 2 Before After
before and after matching
Group 1 Group 2 P Group 1 Group 2 P
Gender M 100 44 0.160 66 41 0.625
F 260 84 145 80
Age <60 275 64 <0.001* 126 64 0.227
260 85 64 85 57
BMI <24 249 76 0.044* 142 74 0.259
<24 111 52 69 47
Smoking N 335 113 0.091* 195 109 0.461
Y 25 15 16 12

Marked with * indicate statistical significance
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3.2 Correlation between FS upgrades and CT imaging
3.2.1 Group 1 vs group 2

Initially, patients were matched 1:2 based on gender, age, body mass index (BMI), and smoking history using pro-
pensity scores to reduce confounding factors. After matching, Group 1 included 211 cases, and Group 2 included
121 cases. There was no significant difference in the four features after matching. (Table 2) After matching, the two
groups were subjected to univariate analysis, comparing features such as bronchial inflation signs, bubble signs,
vascular convergence signs, lobulation signs, spiculation signs, pleural traction signs, CTR> 0.5, and the diameter of
nodules. The results showed significant statistical differences between the two groups in the bronchus inflation sign
(P <0.001), vascular convergence sign (P <0.001), lobulation sign (P <0.001), spiculation sign (P <0.001), pleural trac-
tion sign (P=0.001), CTR>0.5 (P=0.001), and the diameter of nodule (P <0.001). These features were incorporated
into the LASSO regression. (Fig. 2) The coefficients for the pleural traction sign and CTR> 0.5 were 0. (Table 3) After
filtering, the remaining five features were used to construct a predictive model using binary Logistic regression. An
ROC curve was plotted with an AUC of 0.785 and an accuracy of 0.726. Based on this predictive model, a nomogram
was drawn. (Fig. 3).
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Table 3 Univariate and

A ) Group 1 Group 2 P LASSO
multivariate analysis between Coefficient
group 1 and group 2

Bronchial inflation sign N 155 55 <0.001* 0.041
Y 56 66

Bubble sign N 126 61 0.100 /
Y 85 60

Vascular convergence sign N 128 31 <0.001* 0.105
Y 83 90

Lobulation sign N 93 23 <0.001* 0.002
Y 118 98

Spiculation sign N 210 105 <0.001* 0.139
Y 1 16

Pleural traction sign N 161 72 0.001* 0
Y 50 49

CTR <0.5 196 98 0.001* 0
>0.5 15 23

Diameter of nodule (mm) 9.37(+3.58) 12.78(£4.71) <0.001* 0.078

Marked with * indicate statistical significance
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Fig. 3 Nomogram for predicting frozen section pathology upgrade

3.2.2 Group 2vsgroup 3

When comparing the features between Group 2 and Group 3, the results revealed statistically significant differences in the
signs of bronchial inflation sign (P <0.001), vascular convergence sign (P=0.010), lobulation sign (P <0.001), pleural trac-
tion sign (P=0.003), CTR>0.5 (P <0.001), and the diameter of nodule (P <0.001) between the two groups. These features
were included in the binary logistic regression, and ultimately, CTR > 0.5 and the diameter of nodule were identified as
independent risk factors for underestimating IAC patients. CTR< 0.5 and smaller nodule diameter are associated with the
underestimation of IAC in FS. The AUC for the diameter of nodule was 0.681, with a cut-off value of 12.55 mm. (Table 4).

4 Discussion

According to the data from our center, the accuracy of FS for lung adenocarcinoma is 71.40%. When we grouped
AAH, AlS, and MIA as the non-IAC category, the overall FS accuracy rate reached 84.19%. In the meta-analysis con-
ducted by Li et al., the concordance rate between FS and FP reached 95% [14]. Similarly, in the study by Zhang et al.,
this proportion was 93.7% [23], significantly higher than our findings. Apart from differences in practical factors
such as inter-center pathological diagnostic capabilities, we consider the possible reason for this variance in results.
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Table 4 Univariate and

~ , Group 2 Group 3 P Logistic
multivariate analysis between
group 2 and group 3 P OR

Gender M 44 (34.4%) 116 (31.2%) 0504 / /
F 84 (65.6%) 256 (68.8%)

Age <60 64 (50%) 185 (49.7%) 0958 / /
=60 64 (50%) 187 (50.3%)

BMI <24 6 (59.4%) 208 (55.9%) 0495 / /
<24 2 (40.6%) 164 (44.1%)

Smoking N 113 (88.3%) 329 (88.4%) 0.961 / /
Y 5(11.7%) 43 (11.6%)

Bronchial inflation sign N 9 (46.1%) 101 (27.2%) <0.001* 0.180 /
Y 69 (53.9%) 271 (72.8%)

Bubble sign N (48.4%) 200 (53.8%) 0298 / /
Y 6 (51.6%) 172 (46.2%)

Vascular convergence sign N (25.8%) 58 (15.6%) 0.010* 0.852 /
Y 95 (74.2%) 314 (84.4%)

Lobulation sign N 4 (18.8%) 7 (7.3%) <0.001* 0.057 /
Y 104 (81.3%) 345 (92.7%)

Spiculation sign N 112 (87.5%) 315 (84.7%) 0.649 / /
Y 6 (12.5%) 6 (15.1%)

Pleural traction sign N 7 (60.2%) 168 (45.2%) 0.003* 0.703 /
Y 1(39.8%) 204 (54.8%)

CTR <0.5 103 (80.5%) 231 (62.1%) <0.001* 0.007* 0.500
>0.5 5(19.5%) 141 (37.9%)

Diameter of nodule(mm) 12.70 (£4.69) 16.19 (£5.79) <0.001* <0.001* 0.888

Marked with * indicate statistical significance

We focused our study on nodules posing diagnostic and surgical challenges. Therefore, we excluded a consider-
able number of nodules with a diameter >3 cm or pure solid nodules during subject selection. Due to their higher
malignancy, these nodules are more likely to be diagnosed as IAC during FS, thus enhancing the overall accuracy.
This perspective is supported by a study focusing on FS for AIS/MIA, where the concordance rate between FS and FP
was only 63.24% [18],seemingly confirming our viewpoint. About 26.67% of patients diagnosed with AAH/AIS/MIA
by FS are upgraded to IAC upon FP diagnosis. Among IAC patients, approximately 25.6% are underestimated during
FS diagnosis. This group might have been chosen for sub-lobar resection based on intraoperative FS, resulting in
inadequate surgical margins. The necessity for a second surgery remains controversial [23, 24]. In the study by Zhang
et al. [23], patients who were upgraded from AAH/AIS/MIA to IAC had 5-year survival and relapse-free rates of 100%,
regardless of whether they underwent a second surgery. In the study by Su et al. [25] two patients who underwent
sub-lobar resection and were upgraded post-operatively experienced local recurrence. They believed that a second
surgery was necessary for patients with FS upgrade.

The optimal solution to this problem is to improve the accuracy of FS. Some studies indicate that sampling errors dur-
ing slide preparation are the main factor affecting FS accuracy [26]. However, meticulously studying each pathological
specimen would consume a lot of pathologist’s time and energy and would not meet clinical needs. Hence, it’s vital to
focus on patients where FS is prone to misdiagnosis.

This study first looked for common features of FS misdiagnosis from CT images. We found that for patients diagnosed
with AAH/AIS/MIA by FS, bronchial inflation sign, vascular convergence sign, lobulation sign, spiculation sign, and the
diameter of the nodule are independent risk factors for pathological upgrading. When studying IAC patients, those with
nodules <12.6 mm and CTR< 0.5 are prone to be underestimated during FS diagnosis, perhaps due to their small solid
components, which might be missed during pathological sectioning. Based on this, we constructed a model to predict
pathological upgrading. In this study, this model identified 72.6% of patients upgraded from FS to IAC. For patients at
higher risk of upgrading, pathologists need to be more cautious when diagnosing non-IAC.When necessary, re-sectioning
or pathological consultation may improve FS accuracy to some extent. (Fig. 4).
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Fig.4 CT and pathological sections for the three groups. A-C are the chest CT, x 100 frozen section, and x 100 paraffin section for a patient
with both FS and FP diagnosed as AlS. D-F represent the chest CT,x 100 frozen section, and x 100 paraffin section for a patient diagnosed
with MIA in FS and IAC in FP. G-1 depict the chest CT, x 100 frozen section, and x 100 paraffin section for a patient with FS and FP diagnosed
as IAC

Existing studies have substantiated that pathologic prediction models established through CT imaging tend to
have a higher concordance rate with FP than with FS [27]. However, FS possesses advantages over CT-based patho-
logical predictions, such as offering explicit pathological evidence, verifying surgical margins, detecting pleural inva-
sion, and identifying spread through air spaces [28]. We believe that FS can achieve higher accuracy by enhancing
the FS slide preparation and reading techniques, like elastic staining and inflation techniques [29, 30]. Some stud-
ies have combined CT imaging features with FS results to build prediction models, showing greater accuracy than
models solely based on CT imaging [31-33]. Improving the accuracy of FS would equally benefit the predictions of
these models.

Our study has certain limitations. As a single-center retrospective investigation, conditions in other centers might
differ, and the prospective validation of the conclusions remains to be conducted.

5 Conclusion

CTimaging has the capacity to effectively detect patients at risk of upstaging during FS analysis, with substantial potential
to enhance the precision of FS.
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