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Circulating tumor cells (CTCs) are a rare population of cells found in the bloodstream and represent key players in the metastatic cascade. Their analysis has proved to provide further core information concerning the tumor. Herein, we aim at investigating CTCs isolated from a 32-year-old patient diagnosed with triple negative spindle-shaped metaplastic breast cancer (MpBC), a rare tumor poorly responsive to therapies and with a dismal prognosis. The molecular analysis performed on the primary tumor failed to underline effective actionable targets to address the therapeutic strategy. Besides the presence of round-shaped CTCs, cells with a spindle shape were present as well, and through molecular analysis, we confirmed their malignant nature. This aspect was coherent with the primary tumor histology, proving that CTCs are released regardless of their morphology. Copy number aberration (CNA) profiling and variant analysis using next-generation sequencing (NGS) showed that these cells did not harbor the alterations exhibited by the primary tumor (PIK3CA G1049A mutation, MYC copy number gain). However, despite the great heterogeneity observed, the amplification of regions involved in metastasis emerged (8q24.22–8q24.23). Our findings support the investigation of CTCs to identify alterations that could have a role in the metastatic process. To the best of our knowledge, this is the first examination of CTCs in an MpBC patient.
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INTRODUCTION

Among all the breast malignancies, metaplastic breast cancer (MpBC) accounts for <1% and has a dismal prognosis, worse than the other BC types. Pathologically, MpBCs are ductal carcinomas composed by one or more cell populations that have undergone metaplastic transformation into a non-glandular pattern, leading to the presence of epithelial (e.g., squamous cells) and sarcomatous (e.g., chondroid, spindle cell, and osseous) elements. The World Health Organization (WHO) further divides MpBCs in subgroups, resulting in a plethora of chemorefractory and aggressive MpBC variants (1–3).

Despite the paucity of MpBC cases, some studies in literature have detected epithelial-to-mesenchymal transition (EMT), phosphoinositide 3-kinase (PI3K) signaling, epidermal growth factor receptor (EGFR) signaling, and others as the major altered pathways in this disease (3). Nevertheless, the lack of actionable targets remains a matter of concern, and conventional regimens of chemotherapy mainstay are the gold standards for treatment together with surgery and radiation therapy (4, 5). However, the poor survival and the high recurrence rates further emphasize the inadequacy of the available treatment options and the imperative need to individuate appropriate therapeutic strategies.

Genetic and phenotypic heterogeneity is a hallmark of MpBC and has important reflections for cancer treatment as the presence of multiple clones may hide cells responsible for relapse (6, 7). In this context, the characterization of circulating tumor cells (CTCs), a rare population of cells considered as pro-metastasis precursors (8), may be helpful in the unraveling of tumor heterogeneity (9).

We report a case of a patient diagnosed with triple negative spindle-cell MpBC for which molecular analysis of the primary tumor failed to highlight valid actionable alterations. We decided to characterize CTCs at both morphological and molecular levels, as they may bring out new alterations to be explored. To the best of our knowledge, this is the first examination of CTCs in a MpBC patient.



CASE PRESENTATION

Here we report the case of a 32-year-old patient (Figure 1) who presented, on December 20, 2018, during breastfeeding, a clinical onset of a right breast lump. Ultrasound-guided core biopsy of this right breast mass was performed with histological diagnosis of metaplastic spindle-cell infiltrating carcinoma of the breast, estrogen receptor (ER) = 0%, progesterone receptor (PgR) = 0%, HER2-neu negative (score 0), and Ki-67 = 90%. She had a past history of Crohn's disease, at the time of MpBC diagnosis during treatment with mesalamine. Positron emission tomography-computed tomography (PET-CT) revealed a 40-mm lesion in the right breast without bone or visceral involvement. In January 2019, treatment began with neoadjuvant chemotherapy (NAC) with adryamicin (60 mg/m2) and cyclophosphamide (600 mg/m2) intravenous for one cycle. Due to local progression, NAC was switched to docetaxel for one cycle (January 23, 2019), but the patient experienced further local progression.


[image: Figure 1]
FIGURE 1. Patient's timeline. At the top, we reported the milestones of her clinical course, while on the bottom the treatment regimens administered to the patient. PET-CT, positron emission tomography-computed tomography; AC, adryamicin-cyclophosphamide; DTX, docetaxel; PTX, paclitaxel; CIS, cisplatin; VRL, vinorelbine; CAP, capecitabine; ERI, eribulin; DXR, doxorubicin; EVE, everolimus; BEV, bevacizumab; CTC, circulating tumor cell.


In February 2019, she underwent right mastectomy with axillary node dissection; the histopathology exam describes a lesion of 65-mm maximum diameter, ypT3 ypN0 M0, ER = 0%, PgR = 0%, HER2-neu negative (score 0), and Ki-67 = 90%. The microscopic photograph (10 × magnification) of hematoxylin and eosin staining of the resected tumor is reported in Figure 2. On immunostains, the tumor cells were strongly positive for vimentin and showed weak positivity for p63. Cytokeratins (AE1/AE3 clone) and E-cadherin were positive in scattered cells. Moreover, CAM5.2, calponin, SMA, GATA-3, ALK, ER, PR, and Her2-neu were negative. Expression of programmed death-ligand 1 (PD-L1) was <1%.


[image: Figure 2]
FIGURE 2. Microscopic hematoxylin and eosin photograph of metaplastic breast carcinoma (MpBC) with coexisting spindled (green arrows) and oval (black arrows) cells. Scale bar: 50 μm.


From March to June 2019, she received adjuvant weekly paclitaxel (80 mg/m2) for 12 cycles. From July to August 2019 right chest radiotherapy (total dose 50 Gy) was performed.

In November 2019, PET-CT scan revealed the presence of a 40 × 37-mm lung lesion and other sub-centimeter bilateral lung nodules. Further analyses on primary tumor revealed no BRCA1/BRCA2 alterations.

From November to December 2019, she received two cycles of cisplatin (60 mg/m2; day 1), vinorelbine (20 mg/m2; days 1 and 3), and capecitabine (500 mg thrice a day).

In January 2020, PET-CT showed lung, bone, and bilateral ovarian progression. The NGS Oncomine Focus Assay (Thermo Fisher Scientific) on the primary tumor exposed the G1049A PIK3CA mutation and amplification of the MYC locus (copy number: 26 copies).

In January 2020, she received two cycles of eribulin (1.23 mg/m2), and in February, she underwent bilateral ovariectomy and wedge liver resection. The histopathology exam described triple negative metaplastic BC metastases. Moreover, several subcutaneous metastases on the scalp, neck, and chest arise, other than bilateral lung nodules. After multidisciplinary meeting, in consideration of the absence of valid therapeutic alternatives, physicians decided to start an “off-label” treatment regimen: doxorubicin (30 mg/m2) plus bevacizumab (15 mg/kg every 3 weeks) plus everolimus (7.5 mg daily) (10).

In February 2020, she started the first cycle (without bevacizumab due to recent surgery), with a clinically stable disease, improvement on pain, and reduction of all subcutaneous nodules. Before chemotherapy administration, CTC investigation was performed.

In March 2020, she received the second cycle (including bevacizumab). She had a clinical benefit in terms of the disappearance of most subcutaneous metastases, no pain, and a good quality of life until April 2020 when she complained of fever, cough, and low blood pressure. Therefore, she was hospitalized for the appropriate treatment with antibiotics and steroids without benefit, and she died on April 21, 2020 due to respiratory failure.



ISOLATION OF CIRCULATING TUMOR CELLS AND ANALYSES

To investigate the features of CTCs, approximately 9 ml of peripheral blood was collected in a PAXGene Blood ccfDNA tube before the administration of the off-label therapy. CTCs were enriched from whole blood by immunomagnetic negative selection. In order to identify the highest number of CTCs, we opted for antibody cocktails for the detection of each phenotype, instead of a single target for each channel. EpCAM, CKs, and E-cadherin antibodies were used to identify epithelial phenotype (phycoerythrin, PE channel), and N-cadherin, ABCG2, CD44v6, and CD133 were used to identify stem/mesenchymal phenotype (allophycocyanin, APC channel). Hoechst 33342 (DAPI channel) was used for nuclear staining and anti-CD45 Alexafluor488 antibody (FITC channel) as leukocyte marker for CTC negative selection. CTC identification and analysis were performed by DEPArray NxT platform (Figure 3A). To set up the auto-fluorescence signal detected in FITC channel, we used MCF7 cell line (CD45–) and leukocytes (CD45+) (Supplementary Figure 1).


[image: Figure 3]
FIGURE 3. (A) DEPArray images of the most representative single circulating tumor cells (CTCs) of the patient based on their shape (round- and spindle-shaped). The DAPI channel was used for nuclear staining using Hoechst 33342, PE channel for epithelial tag [anti-EPCAM, anti-cytokeratins (CKs) and anti-E-cadherin antibodies], and APC channel for mesenchymal tag (anti-N-cadherin, anti-CD44v6, anti-ABCG2, and anti-CD133 antibodies). Anti-CD45 (FITC channel) was used for CTC negative selection (Supplementary Figure 1). Scale bar: 30 μm. (B) Profiling of the CTC ID: 793 reveals the presence of aberrant regions, consistent with tumor nature. Chromosomes (Chr) and number of copies are reported along the x- and y-axis, respectively. Black dots in the figure represent chromosome regions with a normal diploid copy number. Conversely, red dots and blue dots indicate, respectively, significant copy number gains (copies > 2) and losses (copies <2), called by Control-FREEC (11).


We identified non-canonical cells positive for both epithelial and stem/mesenchymal targets with a spindle-shaped morphology (n = 14) and CTCs with a round-shaped morphology (n = 184). CTC clusters (n = 5) were present as well (Supplementary Figure 2). Due to the high amount of debris into the sample, we successfully sorted one single spindle-shaped cell (ID: 793) and two 10-CTC pools (Pool 1 and Pool 2).

Next, we aimed at assessing the molecular characteristics of the MpBC patient's CTCs isolated through DEPArray and to establish the nature of the spindle-shaped cell. To do this, we massively amplified the genome of the samples using Ampli1 WGA kit (Menarini-Silicon Biosystems) to obtain evaluable genetic material, then we proceeded with library construction and sequencing for copy number aberrations (CNAs) and single nucleotide variant (SNV) analyses.

For CNAs, libraries were prepared using the Ampli1 LowPass kit for Ion Torrent (Menarini-Silicon Biosystems).

After Ion 520 chip loading was performed on Ion Torrent Chef (Thermo Fisher Scientific), sequencing was carried out on an Ion S5 System (Thermo Fisher Sc.), and CNAs were called with Control-FREEC (11). Through this technique, we were able to unequivocally establish the tumor nature of the unconventional spindle-shaped CTC (ID: 793), since it was characterized by an aneuploid genome with an altered CNA profile (Figure 3B). Through intersection bioinformatic analysis, we observed that the greatest part of the entire genome was not comparable among the three samples, suggesting high heterogeneity levels. We detected only three mutual aberrant regions (4p16.1, 8q24.22–8q24.23, and 22q12.3) shared among the samples, which were always in gain. The genes within the mentioned regions are reported in Supplementary Table 1. We did not observe the gain of MYC gene, which was observed in the primary tumor molecular characterization. Moreover, after whole genome amplification, we assessed the mutational status of 60 cancer-related genes. Libraries were prepared using the Ampli1 OncoSeek kit (Menarini Silicon Biosystems) and run on a 300-cycle V2 cartridge on the miSeq instrument (Illumina Inc.). We did not observe the PIK3CA mutation G1049A, which emerged at primary tumor NGS analysis. The single CTC 793 harbored the homozygous RET I602V and heterozygous M249V variant of gene MAP2K1. Interestingly, we also found a heterozygous synonymous C50C variant of TP53 that, although not responsible for the amino acid change in protein structure, may be associated with gene expression regulation as it occurs in the noncoding exon 1 (12). Concerning the 10-CTC pools, in Pool 1, we found the variants KRAS S17I (frequency 80%), PIK3CA W498C (20%), PTEN A34T (16%), MET T835N (14%), PIK3CA L1026I (14%), SMAD4 Q249R (10%), KIT G534V (10%), MAP2K1 G131A and N122K (10%), and PTEN M35T (10%). Pool 2 harbored the HRAS frameshift deletion I46fs (20%) and the non-synonymous SNV of RB1 R556G (10%). None of the detected variants were already described as pathogenic in literature, and no variants were identified in common among the samples. However, frequencies of some alterations found in samples Pool 1 and Pool 2 reveal that more than one cell within each pool harbor certain mutations.



DISCUSSION

Here, we report a case of a 32-year-old patient diagnosed with triple-negative spindle-cell MpBC, a rare disease with marked tendency to metastasize to secondary organs. Because of the paucity of cases, few is known about the molecular mechanisms underlying its aggressiveness, and no druggable targets have been identified yet.

Investigation of the primary tumor performed through an NGS-based approach detected alterations that are not uniquely ascribable to MpBC and failed to underline effective actionable targets to address the therapeutic strategy. Indeed, MYC copy number gain (13, 14) and PIK3CA mutation (15, 16) are widely described in the literature to be involved in many cancer types, including BC (17, 18). Herein, by exploiting a liquid biopsy approach, we emphasize that the characterization of CTCs, rare cells with a crucial role in the metastatic cascade, could be worthwhile to guide the investigation of the molecular mechanisms underlying rare tumors. However, this study has some weaknesses. First, due to the high amount of debris in the sample, it was not possible for us to recover, for downstream analysis, all the CTCs found. Moreover, the primary tumor and metastatic tissue specimens were not available, making impossible the comparison with CTCs, except for clinical reports. Conversely, to the best of our knowledge, this is the first investigation of CTCs in an MpBC case and could have a strong impact in the improvement of personalized medicine in the future. In fact, the investigation of CTCs has the potential to unmask the intra-tumor heterogeneity of MpBC, revealing the presence of under-represented clones from the primary tumor. Simultaneously, longitudinal molecular profiling of CTCs could reveal acquired resistance mechanism, helping to address the therapeutic strategy (19).

Our analysis revealed a high count of CTCs expressing both epithelial and mesenchymal markers in the peripheral blood of the MpBC patient. CTC enumeration and evaluation have been performed in a delayed period after removal of the primary tumor. Therefore, in the absence of their major source, CTCs are likely to come from secondary homing sites such as bone marrow or other occult niches (9, 20).

The first criterion concerned the different morphology of CTCs retrieved in the bloodstream of the patient. Along with the canonical round CTCs, we found unconventional cells characterized by a spindle morphology, whose nature was confirmed to be cancerous due to the presence of CNAs along the genome. A study by Yu et al., conducted on non-metaplastic BC patients, demonstrates that besides the presence of round-shaped CTCs with unconventional morphology associated with EMT initiation, therapy failure and tumor progression were present as well (21). However, it is not clear whether the presence of both round- and spindle-shaped CTCs in this MpBC case assumes the same meaning as in non-metaplastic BC, or is consistent with tumor histology solely. Indeed, the cytopathology of CTCs detected in this MpBC case is coherent with primary tumor histology, in which oval and spindle-shaped cells were shown to coexist. Thorough analysis on the metastatic site specimens would provide further information about the role of CTC morphology in MpBC tumor progression.

Concerning molecular analyses, we found that CTCs did not harbor primary tumor-specific alterations (MYC copy number gain and G1049A PIK3CA mutation). In addition, CTC samples had discordant CNAs and SNVs compared with each other, suggesting molecular heterogeneity as well. These results are consistent with the presence of circulating heterogeneous subclones with a potential role in tumor progression and resistance to therapies. Accordingly, in the HR-positive metastatic BC patient, CTCs could circulate as heterogeneous subclones and harbor molecular alterations that could drive to different mechanisms of resistance to endocrine therapies (22). Together with our data, these findings support the need to increase the application of CTCs in the clinical practice to gain further complementary information concerning the tumor evolution, including therapy resistance.

CNA profiling revealed the existence of three amplified genomic regions (4p16.1, 8q24.22–8q24.23, and 22q12.3) shared among the CTC samples. Among these, region 8q24.22–8q24.23 turned out to be highly attractive.

Amplification of chromosome 8q regions has been described in numerous cancer types, such as hepatocellular carcinoma (23), gastric cancer (24), clear cell renal carcinoma (25), and BC (26). In particular, in BC, 8q is considered a hotspot site of amplification associated with unfavorable prognosis (27) and, accordingly in our study, poor response to NAC (28), in part due to the location of c-myc locus in 8q24.1, near 8q24.22–8q24.23. However, the tendency to drive metastasis is not only imputable to MYC solely, but other genes have been hypothesized to enhance the metastatic process, as reported by Han and collaborators (28). Accordingly, investigation of CTCs revealed that several cancer-associated genes were found altered, but not MYC.

For instance, WISP1 codifies for WNT1-inducible signaling pathway protein 1 (WISP1/CCN4), a member of the CCN family that acts as an oncogene in BC. It has been shown to stimulate EMT and metastasis, and to modulate the expression of the tumor suppressor N-myc downstream-regulated gene 1 (NDRG1) in BC cell lines. This modulation occurs through the NDGR1 gene promoter, which is located within the 8q24.23 site (29). However, the role of this tumor-suppressor protein is controversial, as recent data highlighted that NDRG1 expression is a predictor of worse prognosis in inflammatory BC patients receiving adjuvant radiotherapy (30). Both WISP1 and NDGR1 loci are included within the regions that we found in gain in all the CTC samples.

Another gene located in the 8q22.2 locus that recently emerged as a metastasis driver is the Otoconin 90 (OC90) gene. Although it is normally expressed in the cochlea for appropriate otolith development, its expression and gene amplification were observed in different cancer types, such as breast, prostate, and lung cancer. In TNBC cell lines, OC90 overexpression was shown to increase invasion, and knockdown reduced cellular viability and invasiveness (31).

Taken together, despite high levels of heterogeneity, we observed that the analysis of CTCs at the molecular level can potentially drive to the discovery of chromosomal regions that may have a role in the metastatic cascade. In the future, this aspect could be helpful to deepen the knowledge regarding MpBC and to address new therapeutic strategies.
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Dedifferentiated central chondrosarcoma (DCCS) is a rare cartilage tumor with invasive biological behavior and a poor prognosis. To better understand the morphological characteristics of this type of tumor and its internal mechanism of dedifferentiation, we retrospectively analyzed 57 cases of DCCS. A total of 29 female and 28 male patients were included, ranging in age from 20 to 76 years, with a median age of 54 years. Fifty-seven cases of DCCS occurred in the pelvis (n = 29), femur (n = 17), scapula (n = 4), tibia (n = 2), humerus (n = 2), metatarsals (n = 1), fibula (n = 1), and radius (n = 1). Radiologically, DCCS had two different appearances on imaging, with an area showing calcifications of the cartilage forming the tumor juxtaposed to a lytic area with a highly aggressive, non-cartilaginous component. Histopathologically, the distinctive morphological features consisted of two kinds of defined components: a well-differentiated cartilaginous tumor and non-cartilaginous sarcoma. The cartilaginous components included grade 1 (n = 38; 66.7%) and grade 2 (n = 19; 33.3%) cartilage. The sarcoma components included those of osteosarcoma (n = 29; 50.9%), undifferentiated pleomorphic sarcoma (n = 20; 35.1%), rhabdomyosarcoma (n = 3; 5.2%), fibrosarcoma (n = 2; 3.5%), spindle cell sarcoma (n = 2; 3.5%) and angiosarcoma (n = 1; 1.8%). Immunohistochemistry showed that the expression of p53 and RB in the sarcoma components was significantly higher than that in the cartilaginous components, suggesting that these factors play roles in the dedifferentiation process of chondrosarcoma. DCCS is a highly malignant tumor with a poor prognosis. Except for the patients who were lost to follow-up, most of our patients died.
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INTRODUCTION

Dedifferentiated chondrosarcoma (DCS) is a high-grade chondrosarcoma with the bimorphic histological appearance of a conventional chondrosarcoma with abrupt transition to non-cartilaginous sarcoma (1). In the literature, the reported incidence of DCS in chondrosarcoma cases is 10–15% (2). This type of tumor usually occurs between the ages of 50 and 60 years and occurs more frequently in males (3). It is most often located in the pelvis and long bones such as the proximal femur or humerus, the distal femur and the tibia. Dedifferentiation usually originates from either an enchondroma or a low-grade chondrosarcoma (dedifferentiated central chondrosarcoma, DCCS), but it can also originate from a low-grade peripheral chondrosarcoma secondary to a pre-existing osteochondrosarcoma or a solitary osteochondroma (dedifferentiated peripheral chondrosarcoma) (4). Histopathologically, the distinctive morphological features include two kinds of defined components, a well-differentiated cartilage tumor juxtaposed to a high-grade non-cartilaginous sarcoma, and the transition between the two is abrupt. The dedifferentiated components may be conventional osteosarcoma, telangiectatic osteosarcoma (5), undifferentiated pleomorphic sarcoma (UPS), or fibrosarcoma (6). Other rare histological subtypes of the differentiated components may include leiomyosarcoma (7), rhabdomyosarcoma (8), giant cell tumor-like (9–12), gastrointestinal stromal tumor (GIST)-like (13), or epithelial differentiation (14). To better understand the characteristics and dedifferentiation transformation mechanism underlying DCCS, we conducted a retrospective study to analyze the clinicopathological features of 57 patients with DCCS. Additionally, we carried out immunohistochemistry to explore the intrinsic mechanism involved in the process of dedifferentiation in these tumors.



METHODS


Patients and Surgical Specimens

With approval from the institutional ethics committee and following the research protocol, 57 DCCS cases were retrieved from surgical pathological records between January 2009 and December 2020 at the Department of Pathology, Beijing Jishuitan Hospital. All tissues were fixed in neutral buffered formalin and processed routinely via paraffin embedding, and then the sections were prepared and stained with hematoxylin and eosin (HE). Histopathological assessment was carried out according to the WHO Classification of Tumors of Soft Tissue and Bone and reviewed by three pathologists, while clinical and imaging information was obtained from online medical records and surgeons. All cases were treated by surgery, and 28 cases were treated with chemotherapy after surgery.



Imaging

Pre-operative imaging studies included plain radiographs, computed tomography (CT) and magnetic resonance imaging (MRI). As a routine examination protocol in our hospital, patients with bone tumors are assessed by contrast-enhanced CT or contrast-enhanced MRI. Fifty-one patients underwent plain radiographs with at least two positions; 45 patients were evaluated with CT scans, and 38 patients were assessed by MRI. The images were reviewed on our PACS (Picture Archiving and Communication Systems) by two experienced radiologists (YS, WL).



Tissue Samples and Immunohistochemistry

Formalin-fixed, paraffin-embedded specimens of DCCS were available for immunohistochemical analysis. Immunohistochemical staining was performed with an automated immunostainer (Autostainer 720, Labvision, San Diego, CA) according to standard heat-induced epitope retrieval and the avidin-biotin-peroxidase complex method. The following cytophenotypic markers were detected: desmin, S-100, p16, RB, p53, Cyclin D1, CDK4, H3k27me3, and Ki-67 (Table 1). Simultaneously, appropriate positive and negative control sections were used. Positive immunostaining was characterized by brown nuclear or cytoplasmic staining under a microscope. Cytoplasmic staining was considered positive for desmin, and nuclear staining was considered positive for S-100, p16, RB, p53, Cyclin D1, CDK4, H3k27me3, and Ki-67. All slides were evaluated independently by two pathologists who were not provided clinical information. The grade of immunoreactivity was defined as follows: negative (–); focal positive (+): fewer than 75% of tumor cells were positive; and diffuse positive (++): more than 75% of tumor cells were positive. The Ki67 proliferation index was defined 25% as the threshold value. Agreement was reached by careful discussion when the opinions of the two pathologists (LG, YD) were different.


Table 1. Antibodies used for immunohistochemical staining.
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RESULTS


Clinical Characteristics

The patients included 29 females and 28 males, ranging in age from 20 to 76 years, with a median age of 54 years. Fifty-seven cases of DCCS occurred in the pelvis (n = 29), femur (n = 17), scapula (n = 4), tibia (n = 2), humerus (n = 2), metatarsals (n = 1), fibula (n = 1), and radius (n = 1). In our study, 12 cases (21.1%) were secondary DCCS occurring after central low-grade chondrosarcoma recurrence. The other cases involved primary dedifferentiation (Table 2).


Table 2. Clinical summary of DCCS.
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Imaging Characteristics

Most of the tumors were located in the pelvis and femur. Lesions often exhibit ill-defined intramedullary destruction with calcific foci and associated cortical permeation and soft tissue masses and with heterogeneous contrast enhancement on imaging. The most characteristic features of images consist of two different appearances on imaging, with an area showing calcifications or hyperintense chondral component of the cartilage-forming tumor juxtaposed to a lytic area involving a highly aggressive, non-cartilaginous component with a soft tissue mass, which frequently reflects the presence of undifferentiated pleomorphic sarcoma or osteosarcoma (Figures 1, 2). A total of 21.6% (11/51), 75.6% (34/45), and 50% (19/38) of lesions showed this biphasic pattern on plain radiograph, CT and MRI, respectively. This bimorphic pattern was characteristic and was appreciated more clearly on CT images than on radiography.


[image: Figure 1]
FIGURE 1. Radiologic features of DCCS. (A) Anteroposterior view of the left femur. Radiographs show a large lytic lesion of the femur, with cortical remodeling and a poorly defined margin of the distal part. The proximal part of the lesion has popcorn-like matrix calcifications. (B) Coronal T1-weighted MR image of the left femur. MR imaging shows a large destruction in the medullary cavity of the femur, with low signal on the T1-weighted image. (C) Coronal fat-suppressed T2-weighted MR image of the left femur. On fat-saturated T2-weighted images, the existence of the two components is recognized. The proximal third of the lesion has areas of low signal representing matrix mineralization and areas of high signal representing the high water content of the cartilage matrix, but the distal two-thirds has a heterogeneous predominantly high signal and peritumoral edema, showing bimorphism of the lesion.



[image: Figure 2]
FIGURE 2. Radiologic features of DCCS. (A) Lateral view of the left femur. Radiography of the distal femur shows a lesion in the medullary cavity with calcifications, with subtle destruction of the anterior cortex and anterior soft tissue mass. (B) Sagittal CT scan of the left femur in the soft tissue window. The sagittal CT images demonstrate that the lesion is multifocal, with penetration of the cortex and considerable soft tissue components. In addition to the calcific foci, the lesion contains more areas of lytic destructive changes. (C) Sagittal post-contrast CT scan of the left femur in the soft tissue window. One and a half months later, the sagittal post-contrast CT image in the soft tissue window shows the lesion expanding into a large area of bone destruction, with heterogeneous enhancement.




Gross Pathological Features

Grossly, the tumor was located in the medullary cavity. The cartilaginous and DCS components are distinct. The cartilaginous component was blue-gray, translucent and fragile, whereas the dedifferentiated components were fresh, pale, soft, tough or hard (Figure 3A). The sarcoma components could invade the cortex of bone, forming a soft tissue mass (Figure 3B).


[image: Figure 3]
FIGURE 3. Gross specimens of DCCS. (A) The tumor was located in the medullary cavity and was composed of porcelain white cartilage and red fish-like tissue. (B) The tumor in the marrow cavity was cartilage-like with invasion of the surrounding soft tissues, forming an osteosarcoma structure.




Histopathological Features

Microscopically, the DCCS cases showed a typical chondrosarcoma structure and non-chondrogenic sarcoma structure. The types of chondrosarcoma include chondrosarcoma grade I and chondrosarcoma grade II. Grade I cartilage may mimic normal hyaline cartilage. In 38/57 cases, the cartilaginous component consisted of chondrosarcoma grade I, which is weakly to moderately cellular and hyperchromatic, with no mitoses (Figure 4A). Nineteen cases of chondrosarcoma grade II were found. Chondrosarcoma grade II is more cellular, with a greater degree of nuclear atypia, and mitoses can be found (Figure 4B). The perilobular and interlobular cells of chondrosarcoma grade II are rich and pleomorphic. Myxoid changes were found in 22 cases, primarily in chondrosarcoma grade II components.


[image: Figure 4]
FIGURE 4. Microscopical features of DCCS. (A) The cartilage component shows a grade I cartilage structure, and the sarcoma component shows a low-grade sarcoma morphology (HE, 200×). (B) The cartilage component shows a grade II cartilage structure, and the sarcoma component shows the morphology of myxofibrosarcoma (HE, 200×). (C) Thick fibrous separation was located between the cartilage component and the sarcoma component (HE, 100×). (D) Well-differentiated cartilage nodules surrounded by sarcoma components (HE, 100×).


The dedifferentiated components usually transition abruptly to distinct cartilaginous components. We observed an obvious line of demarcation as described in the WHO classification. Fiber bundles were present in some cases and absent in others (Figure 4C). Additionally, in some cases, sarcoma could be the major component, and the focal cartilaginous component was located in it, forming an island structure (Figure 4D). The dedifferentiated components showed multiple features, including those of high-grade sarcomas, namely, osteosarcoma (n = 29), UPS (n = 20), rhabdomyosarcoma (n = 3), fibrosarcoma (n = 2, the diagnostic criteria refer to adult fibrosarcoma in the WHO classification) and angiosarcoma (n = 1). Additionally, there were low-grade components, such as grade I or II spindle cell sarcoma (n = 2) (Table 1).

In the UPS, sarcoma showed high-grade cell pleomorphism and atypia, some zones with bizarre multinuclear tumorous giant cells (Figure 5A), and some zones with epithelioid morphology. The high-grade myxoid zone also existed, forming high-grade myxoid fibrosarcoma features. In two cases, pleomorphic rhabdomyosarcoma differentiation occurred. The cells were large, round or polygonal with abundant pink cytoplasm and unusual nuclei, similar to rhabdomyosarcoma (Figure 5B). In one case, the tumor invaded the lymph node. Only dedifferentiated components could be found in the lymph node without cartilaginous components.


[image: Figure 5]
FIGURE 5. Microscopical features of DCCS. (A) Diffuse multinuclear tumor giant cells were dispersed in sarcoma components (HE, 200×). (B) The tumor cells showed characteristics of striated muscle differentiation with enriched cytoplasm (HE, 300×). (C) The sarcoma component was conventional osteosarcoma (HE, 300×). (D) Osteosarcoma tissue showed perivascular arrangement (HE, 200×). (E) Intravascular emboli showed a giant cell-rich structure (HE, 100×). (F) The sarcoma component showed epithelioid angiosarcoma differentiation (HE, 300×).


In the osteosarcoma component, the cells were highly anaplastic and pleomorphic with enlarged and darkly stained nuclei (Figure 5C). A focal hemangiopericytoma-like pattern was also found (Figure 5D). The important and necessary characteristics for the diagnosis of osteosarcoma are the production of osteoids by malignant tumor cells. Osteoids were dense, pink, and amorphous intercellular material with or without calcification. Osteosarcoma has a broad morphological spectrum. Small cell osteosarcoma had uniform small cells with scant cytoplasm, with little pink osteoid production. The nuclei were round to oval, and the chromatin was fine. The osteoclast-type giant cells scattered in the tumor cells formed the giant cell-enriched variant of osteosarcoma in one case. Additionally, in this case, blood vessel invasion could be found (Figure 5E). Two cases showed focal telangiectatic osteosarcoma features. The tumor was composed of cystic spaces simulating an aneurysmal bone cyst, but pleomorphic tumor cells with focal osteoid formation were scattered in the septa-like structures.

One case showed epithelioid angiosarcoma features (Figure 5F). The fibrosarcoma was composed of relatively monomorphic spindle cells with a “herringbone” growth pattern and sometimes also formed a synovial sarcoma-like structure (Figure 6A). In some areas, the tumor cells were round and epithelioid with interstitial fiber formation, similar to sclerosing epithelioid fibrosarcoma features (Figure 6B). Two cases showed low-grade spindle cell sarcoma, with mild-moderate atypia, and some areas had storiform patterns, forming a benign fibrohistiocytoma structure (Figure 6C); some areas had a distinctive inflammatory infiltrate with aggregates of plasma cells and lymphocytes mimicking the inflammatory myofibroblastic tumor (Figure 6D).


[image: Figure 6]
FIGURE 6. Microscopic features of DCCS. (A) The spindle cells were arranged in a bundle-like fibrosarcoma (HE, 200×). (B) The sarcoma component resembled sclerotic epithelioid fibrosarcoma (HE, 300×). (C) Low-grade sarcoma components showed storiform structures (HE, 200×). (D) Low-grade areas showed inflammatory fibroblastoma morphology (HE, 200×).




Immunohistochemical Features

Immunohistochemical staining showed strong positivity for desmin in the rhabdomyosarcoma differentiation components in two cases (Figure 7A). The Ki-67 index revealed active cell proliferation in the sarcoma components; 79.3% cases showed a Ki-67 value >25%, with only individual cells in the cartilage portion showing proliferative activity, and the Ki-67 value was <25% in all cartilage portions (Figure 7B). Staining for p16 was negative in sarcoma and original cartilaginous lesions in most cases; only in some cases were both components positive, and the sarcoma component showed stronger and more diffuse staining than the cartilaginous components (Figure 7C). Staining for p53 was diffusely positive in the nuclei of tumor cells in the dedifferentiated components of 54.4% cases (Figure 7D) but almost undetectable in the chondrosarcoma component, except for one case with grade II cartilage. The expression pattern of Cyclin D1 was similar to that of p16. In 29.9% of cases, the sarcoma was focal positive, while in only 5.3% of cases, the cartilage was positive. The expression intensity of the sarcoma portion was much higher than that of the cartilage portion (Figure 7E). In some cases, although CDK4 was positive in both the cartilage and sarcoma portions, the cartilage portion showed focal positive expression, while the sarcoma portions showed mainly diffuse expression (Figure 7F). RB was not expressed in the cartilage portion of all cases, but it showed positivity (73.7%) in the sarcoma portion (Figure 7G). H3k27me3 was diffuse positive in the cartilage in all cases, and the sarcoma components were diffuse positive in 89.5% of cases; in only six cases, H3k27me3 showed focal expression (Figure 7H). The results of immunohistochemical staining are depicted in Table 3.


[image: Figure 7]
FIGURE 7. Immunohistochemical features of DCCS. (A) Immunohistochemistry showed desmin positivity for striated muscle differentiation. (B) Immunohistochemistry showed that Ki-67 was highly expressed in sarcomas. (C) Immunohistochemistry showed dense expression of p16 in cartilage and sarcomas. (D) Immunohistochemistry showed p53 expression in sarcomas. (E) Immunohistochemistry showed Cyclin D1 expression in sarcomas. (F) Immunohistochemistry showed that both cartilage and sarcoma components expressed CDK4. (G) Immunohistochemistry showed RB expression in sarcoma. (H) Immunohistochemistry showed that H3K27me3 was expressed in both the cartilage and sarcoma components.



Table 3. Immunohistochemical results of DCCS.

[image: Table 3]




PROGNOSIS

The patients were followed up from 2 to 127 months. The median follow-up time was 59 months. Seven patients were lost to follow-up. Twenty-three patients died of DCCS. The remaining 27 patients showed no evidence of recurrence and survived disease free.



DISCUSSION

In 1971, Dalin and Beabout first fully described the dedifferentiation of low-grade chondrosarcomas, which is rare, and reported a combination of well-differentiated chondrosarcoma of the ordinary type and juxtaposed zones of anaplastic fibrosarcoma or osteogenic sarcoma. The incidence of peripheral DCS has ranged between 8.9 and 13.7% of all DCS cases (15). Staals et al. (16) found 109 central DCS cases out of 784 central chondrosarcomas (13.9%). In our hospital, from 2009 to 2019, 694 cases of chondrosarcoma were treated at our institution. Among them, 57 patients were diagnosed with DCCS, which accounts for an 8.2% dedifferentiation rate and does not include peripheral DCS. DCCS usually affects the long bones, such as the proximal femur, humerus and tibia. The femur was involved twice as often as the pelvis in DCCS, and there were slightly more males than females at the Razzoli Institute (17). However, in our series, the pelvis was a more common location than the femur, and there were more females than males. These differences may be explained by the selection bias associated with more complicated lesions at the Orthopedic Oncologic Center.

The biphasic pattern is the most characteristic feature of imaging and is appreciated more clearly on contrast-enhanced CT images and MRI than on radiography. Plain radiography has a poor ability to assess the soft tissue mass of the aggressive part. MRI has been investigated well in DCCS and proved to be a useful imaging modality. On MR fluid-sensitive sequences such as T2-weighted or STIR images, chondral tumors are hyperintense, whereas dedifferentiated tumors have reduced signal intensity or heterogeneous signal intensity. Based on our results, CT is a good imaging technique to show matrix calcifications of the underlying chondral tumor and osteoid production by osteosarcoma, and with post-contrast images, the soft tissue mass of dedifferentiated tumors is clearly demonstrated with avid enhancement. Imaging findings of the biphasic pattern are important to help pathologists choose the appropriate areas to observe.

DCCS can take place at the first surgery for endochondroma or low-grade chondrosarcoma, which is called synchronous (primary) DCCS, and can also be found at recurrence after resection of these chondrogenic tumors, which is called metachronous (secondary) DCCS. When recurrence occurs at the same site of the chondrosarcoma, the lesion may include the chondrosarcoma structure, which must be combined with the previous pathology to make a precise diagnosis. In addition, the dedifferentiated component may be very small; therefore, pathologists should sample cartilaginous tumors thoroughly, paying special attention to zones that seem grossly abnormal. For the diagnosis of primary DCCS, due to limitations of biopsy, it is often difficult to obtain both cartilage and dedifferentiated components at the same time, which leads to errors in diagnosis. CT-guided puncture could greatly improve the accuracy of diagnosis. For the diagnosis of secondary DCCS, biopsy combined with history could be easier to diagnose.

The Evans grading system classifies chondrosarcoma into grades I, II, and III (low, intermediate and high grade, respectively) according to nuclear morphology, mitotic activity and the degree of cellularity (18). Similar to reports in the literature, the cartilage components in our case had grade I and II morphology, and no grade III morphology was observed. It should be noted that cells around the grade II cartilage lobules are often densely distributed and should be distinguished from grade III. Moreover, in cases of secondary dedifferentiation, the grade of cartilage components are higher than that in the original case. Myxoid degeneration of cartilage was also common, but it was not a criterion for grading. The dedifferentiation components may show multiple features, and UPS, fibrosarcoma and osteosarcoma were the main types. Rare types, such as small cell osteosarcoma, could also be seen. In many cases of osteosarcoma, osteoid production may occupy a small part and show multiple patterns. We also observed other rare types of histology, including angiosarcoma and rhabdomyosarcoma. Similar to Wick's description (19), in our cases, the dedifferentiated component also showed low-grade spindle cell tumor features, which existed in the form of a storiform structure, with focal lymphocyte infiltration, generating an inflammatory myofibroblastoma-like morphology. Consistent with literature reports of giant cell tumor-like morphology, there were indeed a large number of giant cells in our cases, in either giant cell-rich undifferentiated sarcomas or giant cell-rich osteosarcomas, especially in the latter, where the focal lesion may present low-grade features similar to those of giant cell tumors of bone. These giant cells were all benign and behaved differently from tumor giant cells in undifferentiated pleomorphic sarcoma.

The origin of the dedifferentiation component remains controversial. Sanerkin and Woods (20) suggested that two completely different tumor cell components developed from multipotent mesenchymal stem cells into different cell clones and then differentiated into different neoplastic cell components (collision tumor). In contrast to this theory, more evidence supports the monoclonal origin theory that genomic instability causes a common primitive mesenchymal cell progenitor, which possesses both the ability to develop into a differentiated (chondrocytic features) and a dedifferentiated cell population (high-grade sarcoma features) (21). The fact that chondrocytes were found to have the potential to differentiate into osteoblastic cells supports this theory. Therefore, chondrocyte transition to other tissues may also be possible. The molecular mechanisms of chondrosarcoma dedifferentiation transition also must be further explored.

Morphological observation shows that there is more active mitosis in the sarcoma component than in the cartilage component. Moreover, the Ki-67 proliferation index was significantly increased in sarcoma components by immunohistochemical staining. Therefore, we performed immunohistochemical analysis of cell cycle-related molecules. p53 plays a role in cell cycle regulation, apoptosis, genomic stability, and inhibition of angiogenesis. Studies have shown that p53 mutation is the main mutant gene in high-grade chondrosarcoma (22, 23) and DCS. In DCS, p53 mutation or loss of heterozygosity (LOH) was detected only in the advanced dedifferentiated components (24). It has been reported that p53 is overexpressed in dedifferentiated areas, while chondrosarcoma areas have only focal weakly positive or negative expression (25). Bovée et al. (26) found that p53 was expressed in both chondrosarcoma and dedifferentiated regions. These differences were thought to be due to the different cartilage grades; grade II cartilage is more likely to be p53 positive than grade I cartilage. According to these findings, in our one case, p53 was weakly positive in grade II cartilage; the other cases were negative in the cartilage area, but p53 was positive to varying degrees in the sarcoma area of 26 cases. Another study confirmed the role of the p53 pathway in the high-grade progression of chondrosarcoma (27). Therefore, we believe that p53 may be related to the malignant transformation of chondrosarcoma dedifferentiation.

The retinoblastoma (RB) protein controls E2F-mediated gene transcription activation and is a key factor for cells entering S phase and cell cycle progression. Loss of RB function is an essential step in tumorigenesis. The LOH of RB is associated with high-grade cartilage tumors and is thought to occur only in the anaplastic component (28, 29). We found that the expression of RB occurs in dedifferentiated components without exception and that the cartilage components are all negative. Therefore, we hypothesized that abnormal expression of RB could induce cartilage tumor stem cells to accelerate cell cycle progression and combine with p53 gene mutation to lead to the development of sarcoma.

Amary et al. (30) showed that p16 copy number variation could be found in high-grade chondrosarcoma (GII, GIII and dedifferentiated) and may be associated with tumor progression. Analysis of a DCS cell line suggests that deletion of the p16 gene plays a major role in the malignant phenotype of DCS (31). p16 regulates the cell cycle by inhibiting CDK4 and Cyclin D1. We found that in most cases, p16 showed a loss of expression in cartilage and dedifferentiated components, which may suggest that the inhibition of CDK4 and Cyclin D1 was reduced, prompting tumor cells to enter the cell cycle progression. Therefore, p16 may also play a role in the high-grade progression of chondrosarcoma.

Our immunohistochemical results showed that positive cells were often located at the junction of cartilage nodules and dedifferentiated components—that is, cells around the cartilage lobules. We believe that the cells surrounding the cartilage lobules are germinal cells or tumor stem cells of cartilage tumors, which could generate new chondrocytes and differentiate in different directions. This expression suggests that these cells terminally differentiate into dedifferentiated sarcoma components. In other words, the cartilage component and the sarcoma components are from the same source. However, the mechanism by which cartilage tumor stem cells differentiate into sarcoma cells remains unknown.

H3K27me3 deficiency was found in 34–75% of malignant peripheral nerve sheath tumors (MPNSTs), and the loss of H3K27me3 expression by immunohistochemical staining could provide a diagnostic clue for MPNSTs (32). The histology of DCS that was deficient in H3K27me3 was different from that of DCS that fully expressed H3K27me3 because the former exhibited characteristics of malignant peripheral nerve sheath tumors (33). In our study, six cases showed a dispersed reduction in H3K27me3 expression, and the morphologies were spindle cell tumors. Nevertheless, the basis for the diagnosis of MPNST is insufficient.

The tumors must be differentiated from other cartilaginous tumors and non-chondroid mesenchymal tumors, which may be confused on clinical and roentgenologic grounds. Occasional high-grade chondrosarcoma, which has dense spindle cells around the periphery of cartilaginous lobules, could be explained as the primitive multipotential stem cell of chondrosarcoma, but dedifferentiation does not occur. In mesenchymal chondrosarcoma, there is also relatively well-differentiated cartilage, but the compact proliferated cells adjacent to the cartilage are composed of round or oval primitive cells, and a perivascular structure may exist. However, in DCCS, the high-grade non-chondroid component showed more variable features. In chondroblastic osteosarcoma, the cartilage is usually grade II or grade III, and there is either a gradual rather than rapid transition between the cartilage and the high-grade osteosarcoma zones or a mixing of the two components. Other non-chondroid mesenchymal tumors, such as UPS or fibrosarcoma of bone, may be mixed with secondary DCS without cartilage areas. Therefore, careful sampling combined with patient history is important.



CONCLUSIONS

We reported histological and immunohistochemical characteristics of a large institutional series of DCCS. Immunohistochemical analysis showed that p53 and RB may be related to malignant transformation of DCCS. Because of its rareness, DCCS should be diagnosed carefully and differentiated from other primary malignant sarcomas. Recognizing DCCS is important because of its aggressive clinical behaviors, frequency of recurrence and poor prognosis.
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Rovalpituzumab tesirine (Rova-T), an antibody-drug conjugate directed against Delta-like protein 3 (DLL3), is under development for patients with small cell lung cancer (SCLC). DLL3 is expressed on the majority of SCLC samples. Because SCLC is rarely biopsied in the course of disease, data regarding DLL3 expression in relapses is not available. The aim of this study was to investigate the expression of DLL3 in chemorelapsed (but untreated with Rova-T) SCLC samples and compare the results with chemonaive counterparts. Two evaluation methods to assess DLL3 expression were explored. Additionally, we assessed if DLL3 expression of chemorelapsed and/or chemonaive samples has prognostic impact and if it correlates with other clinicopathological data. The study included 30 paired SCLC samples, which were stained with an anti DLL3 antibody. DLL3 expression was assessed using tumor proportion score (TPS) and H-score and was categorized as DLL3 low (TPS < 50%, H-score ≤ 150) and DLL3 high (TPS ≥ 50%, H-score > 150). Expression data were correlated with clinicopathological characteristics. Kaplan–Meier curves were used to illustrate overall survival (OS) depending on DLL3 expression in chemonaive and chemorelapsed samples, respectively, and depending on dynamics of expression during course of therapy. DLL3 was expressed in 86.6% chemonaive and 80% chemorelapsed SCLC samples without significant differences between the two groups. However, the extent of expression varied in a substantial proportion of pairs (36.6% with TPS, 43.3% with H-score), defined as a shift from low to high or high to low expression. TPS and H-score provided comparable results. There were no profound correlations with clinicopathological data. Survival analysis revealed a trend toward a more favorable OS in DLL low-expressing chemonaive SCLC (p = 0.57) and, in turn, in DLL3 high-expressing chemorelapsed SCLC (p = 0.42) as well as in SCLC demonstrating a shift from low to high expression (p = 0.56) without being statistically significant. This is the first study to investigate DLL3 expression in a large cohort of rare paired chemonaive-chemorelapsed SCLC specimens. Comparative analysis revealed that DLL3 expression was not stable during the course of therapy, suggesting therapy-based alterations. Unlike in chemonaive samples, a high DLL3 expression in chemorelapsed samples indicated a trend for a more favorable prognosis. Our results highlight the importance to investigate DLL3 in latest chemorelapsed SCLC tumor tissue.

Keywords: delta-like protein 3, small cell lung cancer, paired, chemonaive, chemorelapsed


INTRODUCTION

Small cell lung cancer (SCLC) is known as a highly aggressive type of cancer with a miserable prognosis. It is the second most common lung cancer type and accounts for ~15% of lung cancer cases. Therapy remained essentially unchanged in recent years and is usually based on chemotherapy with etoposide and a platinating agent (1), whereas, lately, clinical activity of immunotherapies has been observed in patients with refractory or metastatic SCLC. In a phase 3 trial conducted by Horn et al. it was shown that the addition of the anti PD-L1 antibody atezolizumab to chemotherapy in the first-line treatment of extensive SCLC resulted in significantly longer overall survival (OS) and progression-free survival than chemotherapy alone (2). Almost all patients experience disease relapse within 3 months (3). Although SCLC-targeted therapy research has progressed, in contrast to non-small cell lung cancer (NSCLC) no personalized targeted therapy options have been derived so far. Thus, further research into the mechanism of SCLC and the exploration of new therapeutic targets for SCLC are indispensable (4).

A new promising target is Delta-like protein 3 (DLL3), a transmembrane protein found in most high-grade neuroendocrine carcinomas of the lung, including SCLC. Growing evidence supports a tumor-suppressor role for Notch-1 signaling in neuroendocrine tumors (5).

It is shown that the NOTCH receptor is mainly downregulated by DLL3, thereby inhibiting the NOTCH signaling pathway within the cell. Inactivation of Notch directs the lung stem cell to a neuroendocrine precursor cell and contributes via biallelic p53/RB loss to the onset of primary SCLC (6). In this context, the achaete-scute homolog 1 (Ascl1) gene transcription factor plays a major role. It controls crucial cellular mechanisms in SCLC such as cell growth and survival. DLL3 expression is understood as a direct downstream target of Ascl1, which interacts with the DLL3 gene promoter (7). This suggests that, during evolution of SCLC, Notch1 is inactivated, and Ascl1 and DLL3 are both activated and are, thus, counterparts to Notch1.

Therefore, one can assume that DLL3 could also be used in cancer chemotherapy to target and suppress tumor cells (8). Rovalpituzumab tesirine (Rova-T) is an antibody–drug conjugate composed of SC16, a humanized IgG1 antibody against DLL3. Rova-T selectively binds to DLL3 on target-expressing cells, is internalized, and upon proteolytic cleavage, releases the toxin pyrrolobenzodiazepine (PBD) leading to cell death (9).

In a phase I clinical trial, Rova-T was more effective in SCLC with DLL3 overexpression (defined as expression in at least 50% of cancer cells by immunohistochemistry) compared with SCLC with a low level of DLL3 expression (5). Hence, DLL3 might be a promising predictive marker for treatment of SCLC with Rova-T (8). Rova-T is currently under development for patients with SCLC positive for DLL3 (3).

Methods to evaluate DLL3 expression assessed via immunohistochemistry are not standardized so far. In the current study, the two applied methods (tumor proportion score and H-score) were previously described in literature, including in the above mentioned trial (5, 10) and compared with each other.

Although most SCLC recur after initial response to chemotherapy, relapsed tumors are usually not biopsied. The aim of our study was, therefore, to investigate the expression of DLL3 on chemorelapsed SCLC samples and to compare its expression to chemonaive counterparts. Differences in DLL3 expression between matched samples would suggest therapy-associated changes in the tumor cells. In case of a loss of DLL3 expression in chemorelapsed SCLC samples one could assume that a therapy with Rova-T is not promising. The results of the study could be used to derive which material should be tested in case of planned therapy with Rova-T in the recurrence situation.



MATERIALS AND METHODS


Cohort

In this multi-institutional retrospective study, tissue samples from chemonaive SCLC and paired recurrent SCLC after chemotherapy as well as from metastatic SCLC were collected. The final cohort included 42 patients and consisted of 30 paired chemonaive-chemorelapsed, 5 paired chemonaive primary-metastatic, and 7 unpaired chemorelapsed SCLC without a chemonaive counterpart. In the latter, from 3 patients, we had one sample each (only deriving from the primary site) and from 4 patients, we had several (up to 4) samples deriving from the primary site as well as from distant metastases (brain, lymph node, adrenal, liver, bone, contralateral lung). In the paired chemonaive-chemorelapsed subcohort, chemorelapsed tissue derived from local recurrences in 10 cases, from distant metastases in 19 cases (skin, brain, lymph node, bone, pleura, pericardium, breast, pancreas), and in one case, the location of the biopsied recurrent tumor was unknown. Chemonaive metastatic samples derived from adrenals, bone, liver, pleura, skin, and contralateral lung.



Patient Characteristics

The median age in the whole cohort was 63 years (range, 47–83 y), 27 (64.3%) patients were male, 15 (35.7%), were female. All patients received a platin-based chemotherapy, whereas none of the patients had received therapy with Rova-T or other therapeutic agents for example in the context of an immunotherapy. Follow-up data for 33 out of the 42 patients were available. From these, at time of last follow-up, 19 patients were deceased, and 14 were alive. Samples from 4 patients derived from autopsies. The basic clinicopathological data of our study cohort are summarized in Table 1.


Table 1. Patients' baseline characteristics.

[image: Table 1]

This study was approved by the internal review board of the University of Luebeck (file number 16-277) and the respective local ethical committees.



Statistical Analyses

For the statistical analyses and data visualization, R software (version 4.0.2, R Foundation, Vienna, Austria; http://www.R-project.org) was used. To investigate differences of DLL3 expression between the group of chemonaive and chemorelapsed samples a Wilcoxon signed-rank test was used. To test if the two evaluation methods (TPS vs. H-score) give equivalent results, Pearson correlation was applied. The Wilcoxon rank-sum test was applied to correlate the site of the recurrent tumor and DLL3 expression. To analyze for correlation of DLL3 expression with clinicopathological characteristics, Fisher's exact test was used. Kaplan–Meier curves were used to illustrate OS in dependency of DLL3 expression and statistically proved by log-rank tests. A p-value of <0.05 was considered significant.



Immunohistochemistry (IHC)

IHC staining was performed according to the manufacturer's instructions, using the Ventana Discovery (Ventana Medical System) automated staining system. In brief, slides were incubated with the primary antibody DLL3 (clone SP347, Ventana, SN 678, RTU). Representative tumor blocks from FFPE tissue were cut in 4-μm thick sections.

DLL3 staining was considered positive if staining was membranous in at least 1% of tumor cells. Protein expression of DLL3 was assessed in two different ways: on the one hand by estimating the percentage of positive tumor cells from all tumor cells (tumor proportion score, TPS, range 0–100%) as previously described (5) and, on the other hand, semi-quantitatively using the H-score method according to Yan et al. by converting the staining intensity (SI) (range 0–3) and the TPS (range 0–100) to a H-score (range, 0–300) (10). SI was indicated as strongly positive (SI 3), moderately positive (SI 2), weakly positive (SI 1) and negative (SI 0). To dichotomize samples into positive and negative staining, TPS < 50% and H-score ≤ 150 were defined as DLL3 low expression (DLL3-low), and TPS ≥ 50% and H-score > 150 were defined as DLL3 high expression (DLL3-high) (5, 10).




RESULTS


Expression Pattern of DLL3 Protein in Unpaired Chemorelapsed SCLC Samples

In seven cases of the whole cohort, we had solely chemorelapsed samples without a chemonaive counterpart. Of these, from three patients, we had one sample each (only deriving from the primary site), and from four patients, we had several (up to four) samples deriving from the primary site as well as from distant metastases. From the three cases with one sample, two were DLL3-high and one was DLL3-low, assessed by TPS. From the four cases with several samples, three (75%) showed a concordant DLL3 expression between the samples (two DLL3-low, one DLL3-high), and the other one showed high-DLL3 expression in the primary tumor and low-DLL3 expression in the metastatic site. Considering only the staining result of the first sample of each patient, four were DLL3-high and three DLL3-low. One of the two cases with concordant DLL3-low expression derived from an autopsy so that loss of expression may originate from autolysis.



Expression Pattern of DLL3 Protein in Paired Chemonaive Primary and Metastatic SCLC Samples

Three of the five cases with paired chemonaive primary and metastatic SCLC samples showed a concordant DLL3-high staining pattern, and in two cases, we observed a high-DLL3 expression in the primary tumor and a low expression in the metastatic site, assessed by TPS. One case derived from an autopsy, and here, we investigated four samples deriving from different sites (adrenal, bone, liver, contralateral lung), all showing concordant low DLL3 expression. Here, concordant low expression might also be due to autolytic changes of the tissue.



Expression Pattern of DLL3 Protein in Paired Chemonaive-Chemorelapsed SCLC Samples

Considering only the chemonaive group, using the H-score method, 20 (66.6 %) out of 30 samples were DLL3-low, and 10 (33.3%) were DLL3-high. Out of the DLL3-low samples, four were negative (H-score 0). In the chemorelapsed group, 14 (46.6 %) were DLL3-low and 16 (53.3%) were DLL3-high. Here, out of the DLL3-low samples, 6 were negative (H-score 0). DLL3 expression between the chemonaive and chemorelapsed groups was not significantly different (Wilcoxon signed-rank test p = 0.809; Figure 1A). Concordant staining, either DLL3-low or DLL3-high in paired chemonaive-chemorelapsed specimens, was observed in 17 out of 30 (56.6%) SCLCs. From those, in 11 cases (64.7%), both samples were DLL3-low, and 6 (35.9%) were DLL3-high. In 13 cases (43.4%) staining was not concordant, meaning that, in 9 cases, the chemonaive sample was DLL3-low and the chemorelapsed sample was DLL3-high (“DLL3 up”) and that in 4 cases, the chemonaive sample was DLL3-high, and the chemorelapsed sample was DLL3-low (“DLL3 down”).


[image: Figure 1]
FIGURE 1. Comparison of DLL3 expression in paired chemonaive-chemorelapsed SCLC samples. (A) DLL3 expression assessed by H-score. (B) DLL3 expression assessed by TPS. (C) Pearson correlation showing application of TPS and H-score on chemonaive SCLC samples. (D) Pearson correlation showing application of TPS and H-score on chemorelapsed SCLC samples.


With regard to TPS, 14 (46.6%) chemonaive samples were DLL3-low, and 16 (53.4%) were DLL3-high. In the chemorelapsed group, 11 (36.6%) samples were DLL3-low and 19 (63.3%) were DLL3-high. Negative samples (TPS < 1%) within DLL3-low samples were identical to evaluation with H-score (4 in the chemonaive and 6 in the chemorelapsed groups, respectively). Again, DLL3 expression between the chemonaive and chemorelapsed group was not significantly different (Wilcoxon signed-rank test p = 0.706; Figure 1B). In the chemonaive group, mean TPS was 52.2%, ranging from 0 to 100%. In the chemorelapsed group, mean TPS was 57.6%, ranging from 0 to 100%. With regard to expression dynamics, 7 out of 30 samples (23.3%) showed equally low DLL3 expression, and 12 (40%) showed equally high expression, meaning that, in 63.3%, TPS was stable between chemonaive and chemorelapsed samples. In 36.7% (n = 11), DLL3 expression between the matched samples was different. In 7 cases (23.3%), the chemorelapsed sample had a high TPS, and the chemonaive counterpart a low TPS (DLL3 up), and in 4 cases (13.3%) the dynamic was the other way around (DLL3 down). DLL3 expression data are summarized in Table 1, and representative images of DLL3 protein expression assessed by IHC are provided in Figure 2.
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FIGURE 2. Exemplary pictures of DLL3 staining patterns in paired chemonaive (left) and chemorelapsed (right) SCLC samples. (A) Both high DLL3 expression (TPS > 50%, H-score > 150), (B) Both low DLL3 expression (TPS < 50%, H-score < 150), (C) “DLL3 up” [low expression in chemonaive sample (TPS < 50%, H-score < 150) and high expression in chemorelapsed sample (TPS > 50%, H-score > 150)], (D) “DLL3 down” [low expression in chemorelapsed sample (TPS < 50%, H-score < 150) and high expression in chemonaive sample (TPS > 50%, H-score > 150); original magnification ×40].


Two of the cases originated from autopsies. Of these, one case showed a DLL3-down expression pattern assessed with the H-score method as well as with TPS. Again, this could be due to autolytic changes of the tissue. However, the other case showed an equally low expression without the chemorelapsed sample being completely negative (TPS 20%, SI2). Therefore, it cannot be stated in general that DLL3 expression is lost in autopsy material.

To assess both evaluation methods, we correlated TPS and H-score. Pearson correlation provided a linear dependency (PCC 0.939 for chemonaive samples, PCC 0.65 for chemorelapsed samples, Figures 1C,D), which proved that both methods were equally applicable. Because the TPS is easier to use in everyday diagnostic practice and probably shows less interobserver variability, only TPS was used for further statistical analysis.

We next evaluated if there was a correlation between tumor site and DLL3 expression. We found no significant differences between local pulmonal and distant recurrences (Wilcoxon rank-sum test p = 0.32; Figure 3).
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FIGURE 3. DLL3 expression in chemorelapsed samples in dependency of site of recurrent tumor.




Correlation of DLL3 With Clinicopathological Characteristics in the Paired Chemonaive-Chemorelapsed SCLC Cohort

There was no significant correlation of DLL3 expression level estimated in chemonaive samples with regard to gender, T-status, N-status, M-status, UICC-status, or time to recurrence. The only significant result was shown with regard to age: DLL3-high SCLCs were more frequent in younger patients (median age 57 years) and SCLC with low DLL3 expression more frequent in older patients (median age 67) (p = 0.024) (Table 2). We performed the same analysis for the DLL3 expression level estimated in chemorelapsed samples and, however, found no significant result for any of the above mentioned parameters (not shown).


Table 2. Association analysis between DLL3 expression assessed in chemonaive samples and clinicopathological characteristics of paired chemonaive-chemorelapsed SCLC cohort.
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Correlation of DLL3 With OS in the Paired Chemonaive-Chemorelapsed SCLC Cohort

The median age of this subcohort was 63 years (range, 47–79), 20 (66.6%) were male, 10 (33.3%), were female. From 23 out of the 30 patients, data concerning survival status was available. The median follow-up time for the patients with SCLCs was 354 days (range, 121–1,436). At the time of last follow-up, 15 patients were deceased and eight were alive.

We analyzed whether DLL3 expression (TPS low vs. high) in chemorelapsed or chemonaive samples could predict OS. Although results are not significant, Kaplan–Meier curves show a trend for better OS if DLL is highly expressed in chemorelapsed samples (log-rank p = 0.57) and less expressed in chemonaive samples (log-rank p = 0.42) (Figures 4A,B), whereas a low DLL3 status in chemorelapsed samples and a high DLL3 expression status in chemonaive samples seem to be more unfavorable. Next, we aimed to analyze if the dynamics of DLL3 expression during therapy has an impact on OS. As the above mentioned results already suggest, upregulation of DLL3 expression in matched samples after therapy reveals a trend for a better OS, whereas the worst survival rates were seen in cases with a downregulated DLL3 expression (log-rank test p = 0.56; Figure 4C). Survival curves indicating cases in which DLL3 expression stayed stable, either both low or high, lay in between the two curves indicating an upregulated or downregulated DLL3-status and show also a trend for a more favorable survival in high DLL3 expressing tumors.


[image: Figure 4]
FIGURE 4. Overall survival according to DLL3 expression status. (A) Kaplan–Meier curves stratified according to DLL3-high or DLL3-low status assessed with TPS in chemorelapsed specimens (log-rank p = 0.57). (B) Kaplan–Meier curves stratified according to DLL3-high or DLL3-low status assessed with TPS in chemonaive specimens (log-rank p = 0.42). (C) Kaplan–Meier curves stratified according to dynamics of DLL3 expression in the course of therapy. Persisted DLL3-low was defined as TPS < 50% in chemonaive and chemorelapsed samples, persisted DLL3-high was defined as TPS ≥ 50% in chemonaive and chemorelapsed samples, “up” was defined as a switch from TPS < 50% to ≥ 50%, and “down” was defined as a switch from TPS ≥ 50% to <50% in the course of therapy (log-rank test p = 0.56).





DISCUSSION

SCLC is one of the most aggressive tumors with so far very limited therapeutic options (5, 9). Essentially all patients with extensive-stage SCLC and the majority of patients with limited-stage SCLC suffer relapse within months of completing initial standard therapy (11). As SCLC is rarely biopsied following the initial diagnosis, dynamics of expression of therapeutically relevant biomarkers in relapsed disease are poorly understood. Because DLL3 is largely expressed in SCLC and regarded as a potential biomarker for response to Rova-T treatment (8), we aimed to investigate DLL3 expression in chemorelapsed SCLC samples and to compare its expression with matched chemonaive SCLC samples, correlate its expression with clinicopathological data, and perform survival analysis stratified according to DLL3-high or DLL3-low status and dynamics of DLL3 expression during the course of therapy. Possible differences in expression may further indicate if chemonaive or chemorelapsed SCLC specimens should be investigated in cases of a planned therapy with Rova-T. To our knowledge, there are hardly any published studies that investigated DLL3 expression in chemorelapsed SCLC samples and paired chemonaive-chemorelapsed SCLC samples, respectively.

In line with data from the literature, we as well found DLL3 expression in the majority of our SCLC samples. The evaluation method to assess DLL3 expression is not standardized, and there are so far no international standards for cut-off values to determine expression of DLL3 (4).

When comparing the DLL3 expression data of our study with those from the literature, it is important to consider not only the evaluation method, but also the diversity of the DLL3 antibodies used. Brcic et al. (12) investigated four different DLL3 antibodies (VenA (clone SP347; Ventana, Roche, Tucson, AZ, USA), NovA (NBP2–24669; Novus Biological, Littleton, CA, USA), TherA (PA5–26336; Thermo Fisher Scientific, Waltham, MA, USA), and AbcA (ab103102; Abcam, Cambridge, MA, USA)) for their reliability to detect DLL3 expression in high-grade neuroendocrine tumors of the lung. Comparison of VenA [the antibody used in the current study and in the clinical trial (5)] with the other three antibodies demonstrated poor results for overall agreement, positive and negative agreement, and Kappa values. The authors concluded that using VenA as a reference antibody, none of the other three antibodies can reliably be used for the DLL3 test. This, of course, makes comparison of DLL3 expression data between studies difficult. Table 3 gives an overview of some recent studies dealing with DLL3 expression in SCLC, including their cohort sizes, evaluation methods, used DLL3 antibodies, used cutoffs, and assessed expression data of DLL3 in SCLC.


Table 3. Overview of recent studies on DLL3 expression in SCLC.
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We assessed DLL3 expression in two different ways, using the H-score and TPS, both known from prior studies (5, 10). We adopted 50% as the cutoff for TPS from a phase I trial conducted by Rudin et al. (5) and, with that, found expression of DLL3 in majority of chemonaive samples (86.6%) out of which 46.6% were DLL3-low and 53.4% DLL3-high. In the study from Rudin et al. (5), the range was higher with 74.4% being highly positive (29/39) and 25.6% (10/39) being weakly positive. The same cutoff was used by Tanaka et al., who investigated 63 presumably chemonaive SCLC samples and found 83% (52/63) positive for DLL3 with 20 samples (32%) being highly positive (3). The data in the literature vary; nevertheless, overall, a quite high rate of highly DLL3 expressing SCLC can be observed. In the group of chemorelapsed SCLC, we found similar DLL3 expression to that in the chemonaive group with 80% being positive, but with a slightly higher proportion of DLL3-high cases (63.3%, 19/30). DLL3 expression between chemonaive and chemorelapsed was stable in more than half of the cases (63.3%) and shifted from low to high or vice versa in 36.7%. However, DLL3 expression between chemonaive and chemorelapsed SCLC samples was not significantly different (Wilcoxon signed-rank test p = 0.706; Figure 1B) indicating no essential therapy-induced differences.

For evaluation with H-score, we adopted the cutoff of 150 from Yan et al. (10), who investigated 335 presumably chemonaive (de novo) SCLC samples and found a low expression (H-score ≤ 150) in 37.6% and a high expression (H-score > 150) in 62.4%. We found contrasting results with this method with a low expression in 66.6% (20/30) in the chemonaive group and a high expression in 33.3% (10/30) in the chemorelapsed group. In the chemorelapsed group instead, expression data were then again similar to those from above mentioned study with a shift to more highly positive SCLC cases [(53.3%, 16/30) vs. 46.6% (14/30) DLL3 low expressing samples]. However, the data are hardly comparable due to the significant differences in the size of the cohorts (335 vs. 30).

Concordant staining in paired chemonaive-chemorelapsed specimens, either both DLL3-low or DLL3-high, was found in only approximately half of the cases (56.6%), meaning that a significant portion (43.4%) showed a shift of DLL3 expression during course of therapy. However, also with this method, we found no significantly different DLL3 expressions between the two groups (Wilcoxon signed-rank test p = 0.809; Figure 1A).

With both evaluation methods, the proportion of matched samples showing deviating DLL3 expression, meaning a shift from low to high expression or vice versa, during course of therapy was considerable (43.4% with H-score, 36.7% with TPS). This indicates that DLL3 expression might be influenced by therapy and cannot be considered as stable. Unlike other predictive biomarkers, such as, e.g., PD-L1 with a required TPS of 50% for therapy of NSCLC with Pembrolizumab, so far, a high (≥50%) DLL3 expression of SCLC is not implemented as a prerequisite for therapy with Rova-T. However, if this were the case, our data demonstrate that it does matter which samples are chosen to assess DLL3 expression. There is only a little literature concerning DLL3 expression in paired chemonaive-chemorelapsed SCLC samples. Rojo et al. (16) investigated, in addition to a huge number of independent SCLC samples, also 36 paired SCLC samples, defining “paired” as two specimens from the same patient and same primary disease site or as a first specimen obtained at diagnosis and the second obtained at relapse/recurrence. Of these, only two samples corresponded to paired chemonaive-chemorelapsed samples as we had examined. Moreover, they used a different cutoff than we did with ≥25% positive tumor cells defined as positive DLL3 expression (Table 3). With that, they found 88% concordance between paired specimens without specifically addressing the paired chemonaive-chemorelapsed samples. Due to the significant deviation in size of the cohorts, results of this study are hardly comparable with our results.

To our knowledge, the above mentioned study by Yan et al. (10) is the only one using the H-score method with a cutoff of 150. Furthermore, combining a four-level SI and TPS to a H-score should show higher interobserver variability than just using TPS. We, therefore, assessed the two evaluation methods, and after Pearson correlation provided a linear dependency that indicated equality, we have then focused on TPS for further analyses.

We next investigated if the site of the biopsied recurrent tumor has an impact on DLL3 expression. In 33.3% (10/30) chemorelapsed tissue derived from local pulmonal recurrences and in 63.3% (19/30) from distant metastases. Concordant with the literature (3, 10), we found no significant differences of DLL3 expression between local pulmonal and distant recurrences (Wilcoxon rank-sum test p = 0.32; Figure 3). Yan et al., for instance, compared intertumoral expression of DLL3 on the basis of 37 paired biopsies of primary and metastatic sites and found concordant staining in all cases (10).

Apart from age when considering the chemonaive samples, we found no association of DLL3 expression with clinicopathological data in our cohort (Table 2). Our observation that DLL3 expression actually does not associate with clinicopathological data broadly fit with those from the literature. For instance, Tanaka et al. (3) also found no significant association between DLL3 expression and age, sex, smoking history, or disease stage, and Yan et al. (10) found no significant association with age, distant metastasis status, or TNM stage. In the latter study, DLL3 expression was higher in TTF-1 expressing SCLC samples (p = 0.006), smokers (p = 0.023), and males (p = 0.041), whereas high DLL3 expression was associated with female sex (p = 0.03) in a study conducted by Xie et al. (13). Furata et al. found that DLL3-high expression (defined as TPS ≥ 75%) was significantly more prevalent in patients with lymph node metastases and advanced c-stage (15). These few significant correlations found in our study and in the literature are, due to their diversity, primarily a coincidence and might not have a causal relationship.

We next investigated if DLL3 expression has an impact on OS. Kaplan–Meier curves do not show significant results, but a trend for a better OS if DLL is highly expressed in chemorelapsed samples (log-rank p = 0.57) and low expressed in chemonaive samples (log-rank p = 0.42) (Figures 4A,B), whereas a low DLL3 status in chemorelapsed samples and a high DLL3 expression status in chemonaive samples seem to be more unfavorable. Several other studies also analyzed the relationship of DLL3 expression and OS, and the corresponding results are partly contradictory. Some studies found no statistically significant difference of OS between DLL3 low and high expressing tumors (3, 15), whereas Regzedmaa et al. found that high expression of DLL3 assessed on chemonaive SCLC correlated significantly with poorer patient outcomes (p = <0.001) (8). Yan et al. also found that patients with chemonaive SCLC having a high DLL3 expression level exhibited a lower OS compared with patients with DLL3-low expressing SCLC (p = 0.007). In this study, expression of DLL3 and TTF-1 was investigated in combination, and additionally, it was found that the group of SCLC with low expression of DLL3 in combination with missing TTF-1 expression showed improved OS (10). Huang et al. also found a high level of DLL3 to be correlated with low OS rate (p < 0.01) (14). Despite lacking significance, our survival curves also indicate that there is a trend for better survival if chemonaive samples show low DLL3 expression (Figure 4B). Xie et al. found that high DLL3 expression was associated with better OS in SCLC (p = 0.049). At first glance, the results seem contradictory. However, in this study, only a few cases showed low DLL3 expression, and after adjusting for age, tumor size, and stage, DLL3 expression was no longer associated with OS (13).

Due to our samples being matched, we then analyzed if the dynamics of DLL3 expression in the course of therapy associates with survival. As the above mentioned results already suggest, upregulation of DLL3 expression in matched samples after therapy reveals a trend for better overall survival, whereas the worst survival rates were seen in cases with a downregulated DLL3 expression (log-rank test p = 0.56; Figure 4C). Survival curves indicating cases in which DLL3 expression was concordant in chemonaive and chemorelapsed samples, either both low or high, lay in between the two curves, indicating survival in dependency of an upregulated or downregulated DLL3-status. Here, a trend that stable high expression is associated with a more favorable survival than stable low expression can be derived. This might suggest that DLL3 expression assessed in chemorelapsed samples is more meaningful regarding OS due to beforehand we could show that a low expression in chemonaive samples and a high expression of DLL3 only in chemorelapsed samples indicated a better OS (Figures 4A,B).

In a study from Tendler et al. (7), it was found that subjects with Notch1 low expressing chemorelapsed SCLC samples showed a better prognosis and higher sensitivity to chemotherapy. Assuming that Notch1 and DLL3 are opponents during the evolution of SCLC, one could expect a high DLL3 expression if Notch 1 shows a low expression. Thus, our result for a trend for better prognosis in DLL3 high expressing chemorelapsed SCLC is in line with that of Tendler et al.

To our knowledge, our study is the first investigating DLL3 expression in a large cohort of paired chemonaive-chemorelapsed SCLC samples, which is why our results concerning OS in relation to the dynamics of DLL3 expression cannot be compared with data in the literature. Our survival data is not significant. This might be due to the relatively small cohort size, which, at the same time, represents a limitation of our study. However, against the background that, in most cases, recurrent SCLC is not biopsied at all, our cohort is exceptional. Another limitation of our study is that recent literature (17, 18) on DLL3 seems to diminish its value as a potential therapeutic agent, which also weakens the value of the present work.

To sum up, the current study delivers, for the first time, data concerning DLL3 expression in a large cohort of rare paired chemonaive and chemorelapsed SCLC samples, which is exceptional due to relapsed SCLC are usually not being biopsied. However, investigation of chemorelapsed tumor tissue is essential because it might provide hints why early recurrences, characteristic for SCLC, occur. As the first, we show that, in a large proportion of paired chemonaive-chemorelapsed SCLC samples, DLL3 expression is not stable during the course of therapy, indicating therapy-associated alterations. This demonstrates that it is worth assessing protein expression of biomarkers in general and here, especially of DLL3 in chemorelapsed samples, meaning in the latest tumor tissue. This should, at the same time, be an incentive to gain tumor tissue by biopsy in relapses. Due to the manner of assessing expression of DLL3 not being standardized, we tested two evaluation methods and applied TPS and H-score. Both approaches delivered comparable results, but because TPS should be more practical in routine diagnostics than the H-score method, we have continued working with TPS. As in other studies, we found that the majority of SCLC samples expressed DLL3 and also did not find any profound correlations with clinicopathological data or tumor site. Concordant with data from the literature, our survival analysis revealed a trend for a better OS if DLL is low expressed (<50%) in chemonaive samples. Interestingly, this does not seem to apply to chemorelapsed SCLC because, for those, we could observe a trend for a more favorable survival in the event of a high expression (≥50%). In line with that, cases showing a shift from a low to a high expression of DLL3 during the course of therapy indicated the most favorable survival data. These results should not be overstated due to the size of our cohort not being powered to detect association with survival data. However, the study definitely shows the importance of research of chemorelapsed tumor tissue.
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SARS-CoV2 infection results in a range of symptoms from mild pneumonia to cardiac arrhythmias, hyperactivation of the immune response, systemic organ failure and death. However, the mechanism of action has been hard to establish. Analysis of symptoms associated with COVID-19, the activity of repurposed drugs associated with lower death rates or antiviral activity in vitro and a small number of studies describing interventions, point to the importance of electrolyte, and particularly potassium, homeostasis at both the cellular, and systemic level. Elevated urinary loss of potassium is associated with disease severity, and the response to electrolyte replenishment correlates with progression toward recovery. These findings suggest possible diagnostic opportunities and therapeutic interventions. They provide insights into comorbidities and mechanisms associated with infection by SARS-CoV2 and other RNA viruses that target the ACE2 receptor, and/or activate cytokine-mediated immune responses in a potassium-dependent manner.
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INTRODUCTION

SARS-CoV2 infects cells via interaction with the ACE2 receptor which is found primarily on the surface of the heart, liver, kidney, and lungs (1). ACE2 is a negative regulator of the renin-angiotensin system (RAS) that acts in conjunction with ion transporters and the insulin receptor to protect against hypertension, diabetes, cardiovascular disease, and organ damage (2). It does this by regulating electrolyte balance and blood pressure, cell volume, intercellular signaling, filtering of urine in the kidney, membrane potential, and the firing rate of electrically active cells (3, 4). Binding of ACE2 by the SARS-CoV2 virus and the processes of viral entry and replication, enhance degradation of the receptor, which decreases inhibition of the classical RAS system. The net result is increased reabsorption of sodium and water, and raised blood pressure (5). Hypokalemia/low intracellular potassium can also lead to cellular hyperpolarity, increased resting potential, and depolarization in cardiac and lung cells that can trigger ventricular arrhythmia and respiratory dysfunction (6). In parallel, expression of the viral viroporin, Orf3a protein actively promotes potassium efflux, and stimulates activation of the innate immune response. It does so by triggering the cell-intrinsic Nod-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome (7–9), which promotes cytokine release. Inflammasome responses play fundamental roles in clearing viruses and promoting tissue repair (10), however, hyperactivation of this immune response, gives rise to the devastating “cytokine storm” that is associated with severe infection, and a major cause of death (11).

This mini-perspective discusses the effects of electrolyte and potassium imbalance in SARS-CoV2 infection, describes how a number of comorbidities of COVID-19 affect ion homeostasis and, identifies some drugs effective against SARS-CoV2 in vivo that have also been shown to affect pH or K+ balance. Collectively, these findings highlight the importance of maintaining, and promoting electrolyte homeostasis. They also provide a framework for beginning to understand the broad, and seemingly unrelated, range of symptoms associated with COVID-19 and possibly other RNA viruses, that target the ACE2 receptor and/or those that activate the NRPL3 inflammasome in a potassium-dependent manner.



POTASSIUM IMBALANCE IS COMMON AMONG PATIENTS WITH SEVERE SARS-COV2 INFECTION

Potassium homeostasis is maintained at a systemic level, in the balance between dietary intake (~100 mmol/day) and excretion (95% via the kidney; 5% via the colon) and via internal balance of K+ between intracellular and extracellular fluid compartments (4). Hypokalemia, typically defined as <3.5 mmol/L in plasma, shares many of the features of SARS-CoV2 infection, including muscle weakness, palpitations, cardiac dysrhythmias, and poor diabetic control (4, 12).

In the course of SARS-CoV2 infection, hypokalemia is primarily caused by elevated aldosterone, which promotes excretion of potassium in urine (13). One study involving 1,415 patients, found electrolyte imbalance and hypokalemia were associated with disease severity (Weighted Mean Difference:0.12 mmol/L [95% CI: −0.18 to −0.07 mmol/ L], I21/433%) (14). Another found that hypokalemia around the time of admission was associated with a requirement for invasive mechanical ventilation (15), while a smaller study observed that although only 54% of the patients (n = 175) had low potassium levels, of the severely ill patients 85% had hypokalemia (13). A case-controlled study of three emergency rooms in France found that hypokalemia and hyponatremia (sodium <135 mmol/L) were independently associated with COVID-19 infection, but that low sodium, and not potassium levels were associated with ICU admission (16). Disease severity is also related to the degree of response to potassium replacement as mildly ill COVID-19 patients with hypokalemia in the Chen study achieved normokalemia within 5–8 days of potassium replacement (3 g potassium chloride or 40 mEq/day), whereas, it took 10–14 days to achieve homeostasis potassium in severely ill patients (13). Severe hypokalemia may be harder to correct as it is associated with alkalosis (29% had a ≥ pH 7.45) (13). This is due to hydrogen-potassium exchange between the intra and extracellular fluid (4). Patients with COVID-19 are also susceptible to pro-arrhythmic effects (17).



A NUMBER OF COMORBIDITIES FOR COVID-19 AFFECT ION HOMEOSTASIS

Patients with severe symptoms of COVID-19 are more likely to have kidney or cardiovascular disease, hypertension, diabetes mellitus (DM) or other comorbidities than those with milder symptoms (18–22). The association between COVID-19 and a number of these comorbidities is bidirectional (23, 24): patients with diabetes are more likely to develop severe symptoms or die of COVID-19 (12, 22) and acute diabetes or acid-ketosis can develop as a result of SARS-CoV2 infection (25–28). High levels of insulin are found in the olfactory bulb in the brain. Insulin modulates the voltage-dependent potassium channel, Kv1.3, and suppresses the Kv1.3-contributed current in cultured olfactory bulb neurons (OBNs) of rodents (29, 30),while deletion of the Kv1.3 channel results in “super smeller” mice (31). There is little data on the effect of decreased insulin production on the Kv1.3 channel, however it may contribute to the anosmia experienced by some COVID-19 patients (32).



A NUMBER OF REPURPOSED DRUGS EFFECTIVE AGAINST SARS-COV2 AFFECT POTASSIUM BALANCE

It has been hard to obtain insights into the mechanism by which SARS-CoV2 acts, based on the diversity of symptoms identified in infected individuals. Likewise, FDA approved drugs that act in vitro to reduce viral replication and plaque formation, increase cell viability, or are associated with lower death rates in patients target a range of host factors. These drugs are used for a wide range of purposes from treatment of malaria to pancreatitis and diabetes (33–36) (Table 1). However, some patterns are emerging: 17 of 66 FDA approved drugs with anti-viral activity were found to target the Sigma-1 receptor (σ1-R) and sigma-2 receptor (σ2-R) (SIGMAR1/SIGMAR2) (34). Sigma receptors are ubiquitously expressed in mammalian tissues and are involved in cellular signaling in a number of conditions including retinal and neurodegenerative disorders (37, 38). A number of σ1-R and σ2-R receptor agonists have been found to inhibit Kv2.1 potassium channel activity in a receptor-independent manner (39), suggesting that they act to modulate potassium currents directly. Another 7 of the 69 drugs inhibit protein synthesis (34). Although the mechanism is not known, protein synthesis, and potassium abundance are inversely correlated in systems as diverse as yeast, algae, and mouse fibroblasts (40–43), such that inhibition of protein synthesis would be expected to result in greater intracellular potassium abundance. A further 17 drugs have been shown to affect osmotic or ion homeostasis. Agonists of potassium channels, angiotensin II, and protein synthesis were also found to be enriched among drugs with anti-SARS-CoV2 activity in an independent study (35).


Table 1. Repurposed drugs with anti-viral activity that also affect potassium balance.

[image: Table 1]

Some of these repurposed drugs many act to reduce disease severity via their effects on the immune system. Sex hormones, such as progesterone, promote immune tolerance, and anti-inflammatory responses and that may account for lower COVID-related disease severity and mortality in women and during pregnancy (56, 57). Clinical studies of drug efficacy also point to the key role of the renin-angiotensin system and electrolyte balance in influencing patient outcomes. A retrospective study of COVID-19 patients taking famotidine, an antiacid, found that hospitalized patients taking the drug were more than twice as likely to survive (33). Famotidine was also identified in a computational screen of drugs likely to have anti-SARS-CoV2 activity (36). Another drug, Nafamostat, acts on potassium balance by reducing urinary excretion of potassium via the Na+/K+ ATPase-dependent pathway (58, 59). These data support the idea that restoring potassium balance promotes a better host response against viral infection. Conversely some of these drugs pose a risk as they promote hyperkalemia (48, 60). This is a complication found in a number of patients who die of COVID-19 (37% of those who died (n = 113) compared with 14% (n = 161) of those who recovered (61).

Potassium dysregulation is also likely to form part of the mechanism that promotes viral pathogenicity. A study that ectopically expressed the SARS-CoV2 envelope (E) protein in HEK 293 and NIH3T3 cells found that it formed a pH-dependent ion channel permeable to potassium and sodium ions (62). Only a small proportion of the E protein ends up in the viral envelope and most is localized to the endoplasmic reticulum-Golgi complex where it multimerizes to form a virioporin, that promotes an increase in intra-golgi pH (62, 63). The E protein channel is critical for infectivity and for the pathogenicity of SARS-CoV2, as it is for other coronaviruses, and thus presents a good target for therapeutic intervention (63, 64).



DISCUSSION

Taken together, these observations drawn from comorbidities, clinical features of disease and the possible targets of drugs that are effective against viral infection show that symptoms associated with low intracellular potassium are similar to those that result from SARS-CoV2 infection, and that potassium efflux can promote hyperactivation of the innate immune response. Although we do not yet understand how SARS-CoV2 acts in detail, potassium balance is likely to be important for both the propagation and pathogenicity of the virus, via effects on both the virus, and on homeostatic mechanisms in the host.

It is likely that this line of enquiry will have relevance for understanding the consequences of viral infection more broadly. Ion disturbance, mediated by virioporins, is central to the mechanism of action of a range of viruses from influenza, and rhinovirus to COVID-19 and HIV (8), and a number of RNA viruses modulate activity of the NLRP3 inflammasome in a potassium-dependent manner (65, 66). In bats, dampening of the inflammasome and proinflammatory responses confers tolerance to a range of RNA viruses, suggesting that modulating the inflammasome may prove a useful therapeutic target for reducing disease severity in humans too (10).

Similarities between SARS-CoV2 and other coronaviruses offer further mechanistic insight and opportunities for drug repurposing. SARS-CoV1 also enters the cell via the ACE2 receptor and can cause acute lung failure, cardiac arrhythmia, gastrointestinal disorders, hyperkalemia and diabetes (4, 5, 67, 68). Nafamostat, which induces hyperkalemia, inhibits the activity of SARS-CoV1, 2 and MERS-CoV (52, 53, 60, 69). Approximately 50 FDA-approved drugs are known to have activity against all 3 viruses (70). These results present a strong argument for gaining a fundamental understanding of how electrolyte balance functions in both the healthy host and in response to viral infection. This knowledge is expected to identify strategies for diagnosis and therapeutic intervention in patients suffering from a number of virally induced diseases.
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Case Report: Syphilitic Hepatitis–A Rare and Underrecognized Etiology of Liver Disease With Potential for Misdiagnosis
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Syphilitic hepatitis (SH) in adults is a rare condition that can be easily misdiagnosed. Clinical and histopathologic manifestations of SH can mimic other infectious and non-infectious conditions, and the diagnosis should be considered in all at-risk patients with abnormal liver function tests. We present an unusual case of SH presenting with seizures and multiple liver lesions. This case report, in line with other newly published reports, promotes awareness of SH as a rare manifestation of treponemal infection and highlights the importance of including SH in the differential diagnosis for patients at risk for sexually transmitted infections and presenting with liver enzyme abnormalities. From a hospital quality control and socioeconomic perspective, our case adds to the growing body of evidence that demonstrates an increasing incidence of patients suffering from venereal diseases and injection drug use disorders, and the burden these conditions place on the healthcare system. Recognition of the clinicopathologic features of SH is required to prevent missed diagnosis and to foster systematic crosstalk between healthcare staff and public health personnel managing this problem.

Keywords: syphilis, drug abuse, hepatitis, seizure, liver enzymes, infection


INTRODUCTION

Syphilis is a disease caused by the non-hepatotropic bacterium Treponema pallidum and is associated with high-risk sexual activity. The stages of syphilis are well-defined, but the clinical manifestations can greatly vary between these stages (1, 2). In comparison to the first two stages (primary/secondary), untreated tertiary syphilis can present years after initial infection to cause devastating multi-organ system manifestations (3). While the overall incidence of syphilitic hepatitis (SH) is low, SH may occur in an estimated 3% of secondary syphilis cases (1). The incidence of tertiary syphilis presenting as SH is much less common.

Syphilitic hepatitis is usually asymptomatic or presents with non-specific symptoms. Non-hepatic manifestations of secondary syphilis, such as a characteristic diffuse maculopapular rash, are usually more helpful in pointing to the diagnosis than any hepatic signs or symptoms. The diagnosis of SH typically requires biochemical evidence of liver injury in the setting of confirmed treponemal serology, after exclusion of alternative causes of hepatic dysfunction (4). The pattern of liver enzyme abnormalities is often cholestatic with altered alkaline phosphatase (ALP) levels and mildly elevated transaminases and bilirubin. Liver biopsy is often not required for diagnosis as response to antimicrobial therapy serves as a useful confirmatory finding.

We present an unusual case of an incarcerated adult female with a history of injection drug use (IDU) and multiple sexual partners who presented to our hospital with a constellation of neurological deficits and multiple liver lesions on imaging. After a comprehensive workup, she was diagnosed with tertiary SH with hepatic gummatous lesions but left against medical advice after only completing 4 days of penicillin treatment.



CASE REPORT

A 36-year-old incarcerated female with a history of polysubstance abuse and multiple sexual partners was found exhibiting seizure-like activity in her cell. On arrival at our hospital, she was unresponsive with convulsions of all extremities. Upon physical examination, she had upper motor neuron symptoms, including dilated pupils, rigidity of the lower extremities, and clonus, and a rectal temperature of 103°F. The patient was administered benzodiazepine to control the convulsions and intubated for airway protection. A computerized tomography (CT) scan of her head and neck was unremarkable, and magnetic resonance imaging (MRI) of the cervical spine demonstrated Chiari I malformation (Figure 1). An electroencephalogram of the brain confirmed seizure activity. Chest radiographs showed no evidence of an acute pulmonary process. Based on the initial presentation, a broad differential diagnosis was considered, including drug/toxin-induced neurological manifestations, infection, paraneoplastic syndrome, and metabolic (e.g., vitamin B12) deficiency.


[image: Figure 1]
FIGURE 1. A magnetic resonance imaging of the cervical spine showing a Chiari I malformation (red arrow) with a 5.8 mm displacement of the cerebellar vermis through the foramen magnum.


An extensive workup was performed that included complete blood count, liver function tests, toxicology screens, and testing for multiple infectious diseases. Her white blood cell count was highly elevated (16 × 109 cells/L). Liver function tests revealed mildly elevated aspartate aminotransaminase (35 units/L, normal 8–34 units/L), alanine aminotransaminase (47 units/L, normal 7–24 units/L), and alkaline phosphatase (112 units/L, normal 25–105 units/L) with normal bilirubin. Vitamin B12 level was within the normal range. Urine toxicology was positive for cannabinoids, amphetamines, and benzodiazepines. An HIV screen was negative; however, the patient tested positive for Treponema pallidum antibodies (titer of 1:1,024) as well as hepatitis B surface antigen and DNA (PCR confirmation). A lumbar puncture for a cerebrospinal fluid culture and analysis was deferred due to the risk of herniation because of her Chiari I malformation.

Empiric treatment with intravenous penicillin G was initiated for a presumed diagnosis of neurosyphilis. However, the patient continued to exhibit unexplained, medically refractory severe nausea and vomiting, prompting abdominal imaging. An ultrasound assessment revealed multiple bilobar hypoechoic hepatic lesions (Figure 2A) which were confirmed as multiple hypoenhancing lesions on subsequent abdominal CT and MRI (Figures 2B,C). These additional imaging results raised consideration for atypical hepatic abscesses vs. metastatic malignancy, and a targeted liver core biopsy was performed.


[image: Figure 2]
FIGURE 2. (A) Liver ultrasound showing multiple hypo-echoic lesions ranging between 0.5 and 3.3 cm. (B) A liver computerized tomography scan showing multiple hypo-echoic lesions with peripheral rim of increased enhancement. (C) A magnetic resonance imaging (sagittal view) showing same as (A,B).


Histologic sections of the biopsy showed involvement of the liver parenchyma by a dense mixed lymphoplasmacytic and granulocytic inflammatory infiltrate associated with reactive fibrosis (Figure 3A), foci of necrosis, and clusters of epithelioid histiocytes, consistent with inflammatory pseudo-tumor. In addition, foci of vascular and biliary inflammatory injury were present (Figure 3A). While a Warthin-Starry stain on the sample was negative, immunohistochemistry for treponemal organisms confirmed the presence of Treponema pallidum (Biocare APA 135 AA) and the diagnosis of tertiary stage SH with hepatic gummas (Figure 3B). The patient's liver function tests were monitored daily and showed initial improvement (Table 1); however, she left against medical advice following completion of only 4 days of the recommended 10–14-day course of intravenous penicillin for neurosyphilis.


[image: Figure 3]
FIGURE 3. (A) A H&E stain of the liver biopsy (400 X) showing mixed inflammatory infiltrate composed predominantly of lymphocytes and plasma cells and smaller numbers of neutrophils and eosinophils. The bile duct (red arrows) and portal vessel (yellow arrows) are highlighted. (B) An Anti-Treponema pallidum immunohistochemical staining confirmed the presence of spirochetes and highlighted numerous microorganisms having an epitheliotropic and vasculotropic pattern. The IHC was performed on the same tissue area as for the H&E stain.



Table 1. Liver biochemical profile of our patient before and after antimicrobial treatment.
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DISCUSSION

Syphilis constantly challenges healthcare providers due to its multi-organ involvement, overlapping clinical stages, protean presentation, and it is an under-recognized etiology of liver dysfunction. In a retrospective study, liver enzyme abnormalities were common in patients with early syphilis (39%), yet only a small fraction (2.7%) were diagnosed with SH (5). Some authors have previously proposed clinical diagnostic criteria for SH (6), although diagnosis is still limited by the known clinical heterogeneity and lack of specific features of the disease (7).

The clinical manifestations of SH tend to be non-specific in adults. Common symptoms including low-grade fever, abdominal pain, sore throat, headache, weight loss, arthralgia or myodynia, splenomegaly, lymphadenopathy, and uveitis (7). Moderate elevations in liver enzymes, as well as markedly increased ALP and gamma-glutamyl transpeptidase levels, are reported in patients with SH (1, 2, 4). While the classic symmetric maculopapular rash of secondary syphilis, which involves the trunk and extremities including palms and soles, is a strong clue to the diagnosis of SH as a cause of liver enzyme abnormalities (8), it is not uniformly observed in all patients. Liver involvement represents spirochete dissemination (9) but can occur at any stage of the disease. In a systematic review of SH, the vast majority of patients (88.9%) presented with early stage (i.e., primary or secondary) disease; whereas, a small minority presented with latent (4.9%) or tertiary (6.3%) stage disease (10) when classic signs and symptoms of syphilis may be less apparent.

The histopathologic features of SH are likewise non-specific. Cases typically show mixed lymphoplasmacytic and granulocytic portal inflammation with variable bile duct injury and associated granulomas (9). A vasculotropic and epitheliotropic pattern of inflammation may be seen in some cases, but this is not etiologically specific and overlaps with other, more common inflammatory liver diseases. Although identification of spirochetes in the tissue by special stain or immunohistochemistry is diagnostic in the appropriate setting (11), false negative staining is not uncommon in the setting of disseminated treponemal disease, reaffirming the need for close clinicopathologic correlation to make the diagnosis in most cases. In the absence of known or reported risk factors for SH, the diagnosis is likely to be missed. Furthermore, potentially misleading clinical and imaging findings may prompt consideration and additional testing for other infectious, autoimmune, or neoplastic diseases, leading to delayed or misdiagnosis.

Our case emphasizes the importance of maintaining a broad differential diagnosis for hepatic enzyme abnormalities, including a comprehensive review of patient risk factors for common and uncommon causes of hepatitis. Despite an initial presentation with only mild liver enzyme elevations and multiple confounding and potentially misleading clinical and imaging findings, careful clinicopathologic correlation and appropriate diagnostic investigation eventually facilitated a conclusive diagnosis of tertiary SH.

Most cases of SH resolve with antibiotic medications for treponemal infection. Heightened clinical awareness and recognition of patients at risk for the disease are necessary to facilitate timely diagnosis and treatment. Risk factors including unprotected sexual activity, polysubstance abuse and IDU attribute to notably high rates of coinfection, increased hospital costs and a massive burden on the healthcare system (2, 12, 13). The incidence of primary and secondary syphilis are on the rise (1), and the identification and treatment of syphilis cases prevents progression to tertiary syphilis in affected individuals and the spread to other individuals. Therefore, increased attention to the diagnosis of SH by care providers and pathologists is essential for achieving positive patient outcomes as well as hospital quality control and socioeconomic goals.



CONCLUSIONS

SH can be easily overlooked and misdiagnosed because of non-specific signs and symptoms at the presentation and mild hepatic manifestations, in addition to non-specific and overlapping histopathologic findings. The diagnosis of tertiary SH is particularly problematic as other clinical signs and symptoms of disseminated treponemal disease may be absent or inapparent. Given the availability of effective treatment, timely diagnosis can greatly decrease morbidity and mortality associated with this condition. Even in the absence of non-hepatic manifestations, SH should be considered in high-risk patients with altered liver function tests. Multi-disciplinary efforts from healthcare and regulatory bodies are needed to reduce its growing incidence.
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Background: Long-term sequelae of coronavirus disease 2019 (COVID-19), including the interaction between persisting viral-RNA and specific tissue involvement, pose a challenging issue. In this study, we addressed the chronological correlation (after first clinical diagnosis and postmortem) between severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA and organ involvement.

Methods: The presence of postmortem SARS-CoV-2 RNA from 35 complete COVID-19 autopsies was correlated with the time interval between the first diagnosis of COVID-19 and death and with its relationship to morphologic findings.

Results: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA can be evident up to 40 days after the first diagnosis and can persist to 94 hours after death. Postmortem SARS-CoV-2 RNA was mostly positive in lungs (70%) and trachea (69%), but all investigated organs were positive with variable frequency. Late-stage tissue damage was evident up to 65 days after initial diagnosis in several organs. Positivity for SARS-CoV-2 RNA in pulmonary swabs correlated with diffuse alveolar damage (p = 0.0009). No correlation between positive swabs and other morphologic findings was present. Cerebral (p = 0.0003) and systemic hemorrhages (p = 0.009), cardiac thrombi (p = 0.04), and ischemic events (p = 0.03) were more frequent in the first wave, whereas bacterial pneumonia (p = 0.03) was more prevalent in the second wave. No differences in biometric data, clinical comorbidities, and other autopsy findings were found.

Conclusions: Our data provide evidence not only of long-term postmortem persisting SARS-CoV-2 RNA but also of tissue damage several weeks after the first diagnosis of SARS-CoV-2 infection. Additional conditions, such as concomitant bacterial pulmonary superinfection, lung aspergillosis, thromboembolic phenomena, and hemorrhages can further worsen tissue damage.

Keywords: COVID-19, long-COVID, SARS-CoV-2 RNA PCR, postmortal swabs, pulmonary superinfections, histopathology, autopsy


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the beta coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has been spreading dramatically worldwide since first being reported in Wuhan, China in December 2019 (1).

More than 1 year and a half after the beginning of the pandemic, long-term health consequences of COVID-19 due to persisting SARS-CoV-2 and tissue damage represent an emerging problem, although the pathogenetic mechanisms and the epidemiology of the phenomenon are still largely unknown (2, 3).

COVID-19 can occur with a varying degree of severity (4, 5). Approximately, 33% of patients are asymptomatic (4). Of those who develop symptoms, around 81% experience mild disease, 14% a more severe disease (with respiratory distress), whereas a subset of around 5% of patients progresses to a critical condition (with respiratory insufficiency and/or multi-organ dysfunction) (5). Although the respiratory tract is the most commonly involved organ system (6), patients can also develop cardiovascular complications (7), thromboembolic phenomena (8) including thromboangiitis obliterans (9), several neurologic complications (10), gastroenterological symptoms (11), exuberant inflammatory manifestations (12, 13), and secondary infections (14–17), suggesting that COVID-19 is a systemic disease. The general infection fatality rate is estimated to be 0.68% (18), but it is strongly variable across studies and increases with age and underlying comorbidities (such as arterial hypertension and diabetes) (19, 20).

Long-COVID, in general, used to describe the persistence of symptoms in patients who have recovered from COVID-19, and which cannot be explained by an alternative diagnosis, is thought to occur in up to 10% of cases (21). However, proposals for new classifications aiming to differentiate between acute post-COVID, long post-COVID, and persistent long-COVID are emerging (22).

The pathogenesis of COVID-19 is not fully understood. The angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2) have been shown to be the main receptor and the cofactor for the entry of the virus into the cells (23), but also basigin (CD147) as a receptor (24) and furin as a cofactor (25) play a pivotal role. After the viral attack, complex interplays between humoral and cellular immunity complement activation, cytokines, and coagulation-induced organ damage (26–29). As possible explanations for Long-COVID, several pathogenetic mechanisms, including persistent inflammatory damage, direct viral toxicity in tissues, and post-intensive care syndrome, have been proposed (3, 21).

Autopsies of patients who died from COVID-19 are crucial to gain a better understanding of how SARS-CoV-2 induces damage in human tissues and to consequently improve patient management and therapeutic strategies (30). At the beginning of the pandemic, only few autopsies were performed due to concerns about aerosolization and infectivity of the virus (31). More recently, in compliance with biosafety recommendations of several international regulatory agencies, including the World Health Organization (32), the Centers for Disease Control and Prevention (CDC) (33), and the European Center for Disease Prevention and Control (34), rapidly expanding autopsy literature has become available (35). Nevertheless, although some reports of late histological findings of patients with COVID-19 in the form of single case studies exist, to our knowledge, no autopsy-based studies focusing on the persistence of tissue damage and long-term consequence of SARS-CoV-2 infection have been reported (36).

Additionally, although some clinical studies comparing the first and the second waves of the COVID-19 pandemic exist (37, 38), no detailed autopsy-based studies analyzing the clinical and morphologic differences between the patients who died from COVID-19 in the first compared to the second pandemic wave have been published yet. Moreover, the use of postmortem swabs for detecting the presence of SARS-CoV-2 RNA in autoptic tissues, the postmortem viral distribution, their correlation with the time interval between diagnosis and death, as well as their correlation with morphologic findings have not been extensively studied (39–42).

In view of the foregoing, the aims of our study are: (1) To describe morphologic findings in different organs and tissues and investigate their prevalence. (2) To detect the prevalence of pulmonary superinfection caused by bacteria, viruses, or fungi in patients who died from COVID-19. (3) To analyze possible differences in all those findings between patients who died during the first or second wave of the pandemic. (4) To describe the distribution of SARS-CoV-2 RNA in different organs through postmortem swabs. (5) To correlate the positivity of the postmortem swabs with the time interval between diagnosis of SARS-CoV-2 and death, the incidence of the autoptic morphologic findings with the time interval between diagnosis and death, and the morphologic findings with the positivity of the swabs in the corresponding organs.



MATERIALS AND METHODS


Autopsy Cohort

Overall, 35 autopsies of patients with pre-mortem PCR-confirmed COVID-19 disease were performed at the Department of Pathology and Molecular Pathology of the University Hospital of Zürich, Switzerland.

Seven autopsies (7/35, 20%) were performed during the “first wave” of the COVID-19 pandemic, corresponding to deaths between March 2020 and May 2020. No COVID-19 autopsy was performed between June 2020 and September 2020. The other 28 autopsies (28/35, 80%) were performed during the “second wave” of the COVID-19 pandemic, corresponding to deaths from October 2020 to April 2021. This arbitrary distinction between first and second waves was based on the official classification of the Swiss Federal Office of Public Health and is currently used for comparative purposes by other studies (43, 44).

No cases attributable to any variants of concerns of SARS-CoV-2 according to the WHO definition belonged to this autopsies cohort (45).

Consent to perform the autopsy was given in all cases and the institutional review board (Department of Pathology and Molecular Pathology of the University Hospital Zurich, Switzerland) approved the study. Ethical aspects of research on autopsy tissue of deceased patients, postmortem diagnostics, and molecular analyses were covered in accordance with the Swiss Federal Research Regulations (BASEC Nr. 2020.1316).



Postmortem Examination and Swabs

All postmortem examinations were conducted in a biosafety Level 3 postmortem facility within an average of 33 hours after death (range, 3–93 hours). After a careful macroscopic examination and photographic documentation, several tissue sites were systematically sampled using a standardized protocol for histological, immunohistochemical, immunofluorescence, and ultrastructural examinations.

Samples for histology and immunohistochemistry were routinely taken from the brain, lungs, heart, liver, spleen, gut, kidney, bone marrow, testicle or ovary, and endocrine organs (pituitary, thyroid, and adrenal glands) and immediately fixed in 4% buffered formalin for 24 hours. Of one patient of the second wave, the brain was not examined according to the declared will of the corresponding relatives.

After paraffin inclusion and microtome sectioning, every histologic sample was processed with conventional stain (hematoxylin and eosin, H&E). Subsequently, the samples were independently examined by two experienced pathologists (U.M. and Z.V.) for major morphological alterations (e.g., inflammation type and distribution, distribution and type of thrombi, infarcts or ischemic changes, signs of superinfection, such as fungal elements or nuclear inclusion suspect of viral infection, major reactive changes, such as metaplasia or hyperplasia of pneumocytes type 2). There was perfect agreement between the two pathologists for every finding in all examined samples (Cohen's kappa coefficient = 1).

During autopsies of the “second wave,” postmortem swabs for SARS-CoV-2-RNA PCR assays from different organs were performed. Postmortem swabs were obtained from a predefined selection of organs: one swab from tracheal secretions, two from the lung parenchyma (one per each lower lobe), one from the myocardium (left ventricle), one from the liver, one from the kidney, one from the small intestine, one from the spleen, and one from the testicles or ovaries. Of one patient, no postmortem swabs were performed, and of another patient only swabs from the lung, heart, and liver were available.

Additional postmortem swabs from the brain (superior frontal gyrus, right) of six patients and from the lamina cribrosa of four patients were available.

During the gross examination, the swabs were taken from each organ after a small sterile incision prior to the dissection of the organ. Access to tracheal fluid was obtained through a small sterile incision of the membranous tracheal part.

Samples were immediately collected in a viral transport medium (cobas® PCR Media, Roche Nr. 06466281190, serving as a nucleic acid stabilizing transport and a storage medium for human specimens) and transported to the Laboratory of Immunology of the University Hospital Zurich, where the presence of SARS-CoV-2 RNA was assessed via a real-time reverse PCR assay (cobas® SARS-CoV-2, Roche Nr. 09175431190), a fully automated test for nucleic acid extraction and purification followed by real-time PCR (RT-PCR). Together with the nucleic acid from the sample, the added internal control was simultaneously extracted by adding proteinase and lysis reagent. During the PCR, a sequence of the ORF1 a/b, which is unique to SARS-CoV-2, and a conserved region in the envelope E gene were amplified. The product generated can be measured by detecting the fluorescence. In case of a positive result, the Ct-value (cycle threshold) was indicated (Supplementary Table 1). The Ct-value refers to the number of cycles needed to amplify the viral RNA to reach the predetermined threshold. The lower the Ct value, the more viral RNA was in the sample. The threshold of Ct-value (ORF1 a/b), under which a sample was interpreted as positive, was 40.

In addition, clinical history (including main comorbidities), biometric data [age, gender (male/female)], and body mass index (BMI, in kg/m2) of each patient who died during the first and second waves were recorded. Data were obtained from the hospital clinical charts or from the external clinical history submitted to the autopsy (Table 1).


Table 1. General characteristic, comparison of the two different cohorts (first vs. second wave) and detailed autopsies' findings.
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Statistical Analyses

Demographic and biometric data from the first and second waves were compared using Student's t-test (for age and body mass index, after having found those data to be normally distributed using the Shapiro-Wilk's test, where p > α, setting a significance level [α] of 0.05) or Fisher's exact test (for gender, applying this simple 2 x 2 contingency table with one degree of freedom: first vs. second wave/male vs. female) as statistical hypothesis tests.

A Student's t-test was also performed to compare the time interval between COVID-19 diagnosis and death between patients who died in the first and second waves (after having found the data to be normally distributed using the Shapiro-Wilk's test, where p > α, setting a significance level [α] of 0.05).

Fisher's exact test was also applied to compare the presence of relevant clinical comorbidities (such as cancer history, chronic pulmonary diseases, interstitial lung disease, chronic obstructive pulmonary disorder, pulmonary hypertension, diabetes mellitus, or arterial hypertension) and pathological findings (such as the presence of pulmonary superinfection, cerebral bleedings, etc., as listed in Table 1) between the two waves, applying a simple 2 x 2 contingency table with one degree of freedom (first vs. second wave/the presence of a specific pathologic finding vs. the absence of the same).

Point-Biserial Correlation calculator was applied to compare the positivity of postmortem swabs in each analyzed organ with the time interval between diagnosis and death as well as to compare the incidence of morphologic findings with the time interval between diagnosis and death.

Fisher's exact test was performed to correlate the morphologic findings with the positivity of the swabs in the corresponding organs (positive vs. negative swab/the presence of a specific finding in the organ vs. the absence of the same).

Given the exploratory nature of these analyses, no adjustment for multiple testing was performed.




RESULTS


Findings in Patients From the “First Wave”

The average age of the patients was 69 years (range, 45–81 years; standard deviation, 13 years). Four (4/7, 57%) were male, and three (3/7, 43%) were female. The mean time between diagnosis of COVID-19 disease and death was 12 days (range, 2–20 days; standard deviation, 7 days). All patients (7/7, 100%) had one or more chronic comorbidities (arterial hypertension, diabetes mellitus, cancer, overweight, and/or obesity the most common). Two (2/7, 29%) were normal weight (with a BMI between 18.5 and 24.9 kg/m2, according to the current WHO classification), three (3/7, 43%) were overweight (BMI between 25.1 and 29.9 kg/m2), one (1/7, 14%) was obese Grade I (BMI between 30 and 34.9 kg/m2) and one (1/7, 14%) obese Grade II (BMI between 35 and 39.9 kg/m2). Average BMI was 27.9 kg/m2 (range, 21.6–37.8 kg/m2; standard deviation, 5.9 kg/m2). Two patients (2/7, 29%, all of whom were male) were solid organ transplant recipients (kidney transplantation 7 and 17 years before death, respectively). One patient was diagnosed with SARS-CoV-2-associated pneumonia 2 months before death, and was successfully treated with conservative therapy and did not require oxygen supplementation, but 1 month after the negativity of SARS-CoV-2 PCR developed a reactivation or reinfection with rapid progression to respiratory insufficiency and death.

Regarding neurological manifestations, one patient had a cerebellar hemorrhage during hospitalization (1/7, 14%), one a severe diffuse brain ischemia 2 days before death (1/7, 14%), and one had recurrent seizures 6 months before death (1/7, 14%). The other four patients (4/7, 57%) had no neurological disorders.

Autopsies were performed on average 33 hours after death (range, 18–56 hours).

The cause of death in six patients (6/7, 86%) was diffuse alveolar damage (DAD), whereas the patient with reactivation/reinfection (1/7, 14%) was found to have massive bacterial pneumonia but no DAD.

Altogether, histopathologic findings consistent with bacterial pneumonia were found in two patients (2/7, 29%), but no fungal or viral pneumonia could be demonstrated.

Three patients (3/7, 43%) had intraventricular macroscopic thrombi. Microscopic fibrin thrombi [in the coronary arteries (1/7, 14%), pulmonary capillaries (2/7, 29%), skin capillaries (1/7, 14%), and cerebral capillaries (1/7, 14%)] as well as leukocytes thrombi [in pulmonary (3/7, 43%), cardiac (1/7, 14%), hepatic (1/7, 14%), and mesenterial capillaries (1/7, 14%)] were also common.

Several patients were also found to have hemorrhages [brain microhemorrhages (6/7, 86%), subarachnoid (1/7, 14%), and pulmonary (3/7, 43%)] and infarcts [small intestine (2/7, 29%) and liver (1/7, 14%)].

Constant adjunctive findings in the lungs were also, to a different degree, endotheliitis of capillaries, alveolar capillary macrophages, prominent hyperplasia of pneumocytes type 2, squamous metaplasia, interstitial edema, lymphocytic and histiocytic inflammation, fibrin-rich alveolar edema, and capillary stasis.

Details are summarized in Table 1. Representative images of the most important histopathological findings are shown in Figures 1, 2, and Supplementary Figure 1.


[image: Figure 1]
FIGURE 1. Representative histopathological findings in autopsies from the first wave. (A) Lung tissue with diffuse alveolar damage in the exudative phase (hematoxylin and eosin (H&E), magnification 13 x, arrow: hyaline membranes). (B) Lung tissue with diffuse alveolar damage in the proliferative phase, which is defined by the presence of organization of the intra-alveolar and interstitial exudate, infiltration with chronic inflammatory cells, and interstitial myofibroblastic reaction. Proliferation and reactive atypias of type II cells are also noted (H&E, magnification 20 x). Inset: reactive pneumocytes type II, magnification 40 x). (C) Lung tissue with diffuse alveolar damage in the proliferative phase, showing an excessive collagen deposition (H&E, magnification 20 x). (D) Lung arterioles with endotheliitis, which is defined by the presence of subendothelial mononuclear inflammatory infiltrates (arrows) and damage of the endothelium (H&E, magnification 25 x) (E) Double immunohistochemistry [red: CD31 (endothelial marker), brown: CD68 (monocytic/macrophage marker)] of another representative case with endotheliitis shows endotheliitis of a venule in the lung with endothelial damage (arrow) and detachment with an associated mononuclear infiltrate (arrowhead) (H&E, magnification 28 x).



[image: Figure 2]
FIGURE 2. Representative histopathological findings in autopsies from the first wave. (A) An overview of multifocal intracerebral microhemorrhages (arrowheads) in a sample from the brain stem (H&E, magnification 1.2 x). (B) The detail of image A with microhemorrhages (magnification 25 x, arrows: microhemorrhages). (C) An overview of acute brain infarction (arrows) in a sample from basal ganglia (H&E, magnification.62 x). (D) Details of image C showing red neurons (arrowheads) and beginning necrosis (arrows) of brain tissue (H&E, magnification 40 x).




Findings in Patients From the “Second Wave”

The average age of patients was 71 years (range, 22–89 years; standard deviation, 15 years). Twenty-one (21/28, 75%) were male, and seven (7/28, 25%) were female. The mean time between diagnosis of COVID-19 disease and death was 18 days (range, 1–65 days; standard deviation, 17 days). All patients (28/28, 100%) had one or more severe chronic comorbidities (arterial hypertension, chronic heart failure, cancer, diabetes mellitus, chronic lung disease [COPD (chronic obstructive pulmonary disease) and idiopathic pulmonary fibrosis], autoimmune diseases, chronic kidney disease, asthma, chronic liver disease, and overweight or obesity the most common.

Concerning neurological disorders, four patients had a history of previous ischemic strokes (4/28, 14%), three Alzheimer's disease or unspecified dementia (3/28, 11%), one mild cognitive impairment (1/28, 4%), two multiple cerebral metastases (2/28, 7%), two developed critical-illness neuromyopathy during hospitalization (2/28, 7%), two had a history of previous brain trauma (2/28, 7%), one developed diffuse hypoxic encephalopathy during hospitalization (1/28, 4%), and thirteen had no neurological disorders (13/28, 46%).

Two patients (2/28, 7%) were underweight (BMI <18.5 kg/m2, according to current WHO classification), eight (8/28, 29%) normal weight (BMI between 18.5 and 24.9 kg/m2), 11 (11/28, 39%) overweight (with a BMI between 25.1 and 29.9 kg/m2), three (3/28, 11%) obese Grade I (BMI between 30. and 34.9 kg/m2), one (1/28%, 3%) obese Grade II (BMI between 35. and 39.9 kg/m2), and three (3/28, 11%) were obese Grade III (BMI > 40 kg/m2). Average BMI was 27.4 kg/m2 (range, 17.6–43.6 kg/m2; standard deviation, 7.2 kg/m2).

All patients but one (27/28, 96%) were more than 55 years old at the time of death.

Autopsies were performed on average 33 hours after death (range, 3–93 hours).

Most important, autopsy findings in patients who died in the second wave were diffuse alveolar damage (DAD, 18/28, 64%), macrothrombi (general incidence, 13/28, 46%), microscopic fibrin thrombi (general incidence, 13/28, 46%), and leucocyte thrombi (general incidence, 14/28, 50%), hemorrhages (in particular in cerebral parenchyma, subarachnoid and in the lung, with a general incidence of 12/28, 43%), lung infarcts (5/28, 18%), ischemia of small intestine (5/28, 18%, one among those also with angioinvasive candidiasis of the gut as complication), liver necrosis (8/28, 29%), and cerebral infarcts (2/27, 7%). Similar to patients who died in the first wave, constant adjunctive findings in the lungs were also, to a different degree, endotheliitis of capillaries, alveolar capillary macrophages, prominent hyperplasia of pneumocytes type 2, squamous metaplasia, interstitial edema, lymphocytic and histiocytic inflammation, fibrin-rich alveolar edema, and capillary stasis.

Details are summarized in Table 1. Representative images of the most important histopathological findings are shown in Figures 3, 4. Additional details of the histopathological findings of this cohort are graphically illustrated in Figures 5, 6.


[image: Figure 3]
FIGURE 3. Representative histopathological findings in autopsies from the second wave. (A) Acute pulmonary hemorrhage (H&E, magnification 10 x); the inset shows erythrocytes invading alveolar spaces (magnification 40 x). (B) Acute hemorrhagic pulmonary infarct (H&E, magnification 5 x); the inset shows a necrotic alveolar septum and hemorrhagic effusion in alveolar space (magnification 40 x). (C) Large thrombus (arrow) in a lung arteriole (H&E, magnification 1.4 x); the inset shows a fibrin thrombus in a lung capillary (magnification 28 x). (D) Glomerulus (kidney) with fibrin microthrombus (arrow) in a glomerular capillary (H&E, magnification 25 x). (E) Acid fuchsin orange G stain (AFOG-stain) shows several fibrin microthrombi (arrows) in the glomerular capillaries (magnification 25 x).



[image: Figure 4]
FIGURE 4. Representative histopathological findings in autopsies from the second wave, illustrating examples of coinfections in the lung of the patients with coronavirus disease 2019 (COVID-19). (A) Lung tissue with aspergillosis (arrow) and surrounding acute inflammation (H&E, magnification 10 x). (B) Details of image A showing the typical hyphae of Aspergillus spp. (PAS, magnification 30 x). (C) Acute (bacterial) bronchopneumonia showing granulocytic exudate in the alveolar space and destruction of alveolar septa (H&E, magnification 6 x); the inset illustrates granulocytic inflammation with destruction of a septum (magnification 50 x). (D) Herpes simplex pneumonia exhibiting typical herpes-associated nuclear changes (molding, multinucleation, margination of chromatin, see the arrow) (H&E, magnification 25 x). (E) Immunohistochemistry for Herpes simplex virus demonstrates a granular cytoplasmic and nuclear positivity along with the typical nuclear changes (magnification 25 x).



[image: Figure 5]
FIGURE 5. Postmortem findings in the patients of the second wave (green: finding present, red: finding absent. Concerning micro- and macrothrombi, hemorrhages, and infarcts; the following colors to specify the anatomic localization are used: heart and/or major vessels = violet, lung = blue, brain/intracranial = yellow, liver/digestive tract = brown, kidney = orange). The patients are ordered from left to right in a crescent pattern based on the number of days between diagnosis of COVID-19 through nasopharyngeal swab and death. DAD, diffuse alveolar damage; NA, not available.
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FIGURE 6. Persistence of histopathologic findings in relation to the time interval between diagnosis and death (in days). The lines do not show absolute percentages but only the relative variation in prevalence of the findings. The different levels of the line along the y-axis are chosen to avoid their overlapping and to facilitate the visual interpretation but do not reflect an absolute percentage, for which we refer the reader to the text.




Postmortem Swabs for SARS-CoV-2 RNA

Altogether, postmortem swabs were positive for SARS-CoV-2 RNA in the following organs/tissues with the following frequencies: trachea (18/26, 69%), lung (19/27, 70%), heart (8/27, 30%), liver (13/27, 48%), spleen (10/26, 38%), gut (9/26, 35%), kidney (13/26, 50%), testicles (9/19, 47%), ovary (1/7, 14%), brain (2/6, 33%), lamina cribrosa (3/4, 75%). Swabs for SARS-CoV-2 RNA were positive up to 39 days after the first diagnosis of COVID-19 (average, 18 days; range, 1–39 days) and up to 93 hours after deaths (average, 30 hours; range, 3–93 hours).

Details are graphically shown in Figures 7–9, and information on Ct-values is provided in Supplementary Table 1.


[image: Figure 7]
FIGURE 7. Positivity of the postmortem swabs in the different organs (green: positive, red: negative, black: not available). The patients are ordered from left to right in a crescent pattern based on the number of days between diagnosis of COVID-19 through nasopharyngeal swab and death. Abbreviations: NA, not available.



[image: Figure 8]
FIGURE 8. The tendency of positivity of swabs for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA in relation to the time interval between diagnosis and death (in days). The lines do not show absolute percentages but only the relative variation in prevalence of the positivity for SARS-CoV-2 RNA. The different levels of the line along the y-axis are selected to avoid their overlapping and to facilitate the visual interpretation but do not reflect an absolute percentage, for which we refer the reader to the text.
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FIGURE 9. The tendency of postmortem persistence and anatomical distribution of SARS-CoV-2 RNA in relation to the time interval between death and autopsy (postmortem interval, in hours). The lines do not show absolute percentages but only the relative variation in prevalence of the positivity for SARS-CoV-2 RNA. The different levels of the line along the y-axis are chosen to avoid their overlapping and to facilitate the visual interpretation but do not reflect an absolute percentage, for which we refer the reader to the text.




Comparison Between the Two Waves
 
Demographic and Biometric Data

No difference concerning age (p = 0.71), time interval between diagnosis and death (p = 0.39), body mass index (p = 0.86), or gender (p = 0.38) between patients from the first and second waves could be demonstrated.



Clinical Comorbidities

An important comorbidity in patients who died in the first and second waves was a malignancy. Five patients from the first wave (5/7, 71%) and nine from the second wave (9/28, 32%) had an active or treated oncologic disease. Although cancer prevalence was slightly higher in the patients who died in the first than in the patients who died in the second wave, no statistically significant difference between the two groups could be demonstrated (p = 0.089).

A history of arterial hypertension was present in five patients of the first wave (5/7, 71%) and in 19 patients of the second wave (19/28, 68%), without statistically significant differences between the patients of the two waves.

Two patients (2/7, 28%) of the first wave had some form of pulmonary disease (COPD and lung hypertension), whereas 12 patients of the second wave (12/28, 43%) had a positive history of pulmonary disease [COPD, ILD (interstitial lung disease), lung hypertension or asthma)], but no difference in the prevalence of lung diseases between the two waves could be demonstrated (p = 0.68).

Three patients of the first wave (3/7, 43%) and four of the second wave (4/28, 14%) had diabetes mellitus. Although diabetes was slightly more common in the patients of the first wave, no statistically significant difference in the prevalence of diabetes between the two waves was found (p = 0.12).



Autopsy Findings

No difference in the time interval between diagnosis of COVID-19 and death could be demonstrated between the patients who died in the first and in the second waves (p = 0.39). Moreover, although the finding of DAD was slightly more common in the patients who died in the first wave, no difference between the two cohorts could be identified (p = 0.39). Interestingly, the patients of the second wave showed significantly more often (21/28, 75%) bacterial pneumonia (defined histologically by the presence of a granulocytic inflammation with destruction of the lung parenchyma, with or without demonstrable microorganisms through Gram stain) than the patients of the first wave (2/7, 29%) (p = 0.03). Another important finding was lung aspergillosis, which was identified in six patients of the second wave (6/28, 21%) but none of the first wave (0/7, 0%), although the difference was not statistically significant (p = 0.31).

The general incidence of hemorrhages (independently from the organs considered) was significantly higher in the patients of the first wave (7/7, 100%) than in those of the second wave (14/28, 50%, p = 0.009). In more detail, microhemorrhages of the cerebral parenchyma were significantly more frequent among the patients of the first wave (p = 0.0003), but no statistically significant difference was observed with regard to hemorrhages in other organs. Similarly, the incidence of ischemic phenomena was significantly higher in the patients of the first wave (6/7, 86%) than in those of the second wave (10/28, 36%) (p = 0.03), although no statistically significant differences could be observed if the incidence of ischemic phenomena in the single organs or systems was considered. Intraventricular cardiac thrombi were also more frequent in the patients of the first wave (p = 0.04).

Details are demonstrated in Table 1 and Figure 10.


[image: Figure 10]
FIGURE 10. Comparison of morphologic findings at autopsy between first and second pandemic waves.





Effect of Time Gap Between Diagnosis and Death

In the point-biserial correlation, a negative r between positivity of the postmortem swabs for SARS-CoV-2 RNA and the time interval between diagnosis and death was observed in all examined organs, but only in the lung (p = 0.001), trachea (p = 0.02), and liver (p = 0.03) this association was statistically significant (Supplementary Table 2).

A negative association between the time interval between diagnosis and death and the incidence of DAD and general incidence of infarcts (through a negative r in the point biserial correlation) could be demonstrated, although this difference was not statistically significant. In contrast, the association was positive (i.e., with increasing incidence by increasing the time interval between diagnosis and death) for bacterial pneumonia, lung aspergillosis, and general incidence of micro- and macrothrombi, and hemorrhages, but only the association with hemorrhages was statistically significant (p = 0.012) (Supplementary Figure 2 and Supplementary Table 3).



The Effect of Positive Postmortem Swabs in Corresponding Organs

The correlation between morphologic findings and the presence of SARS-CoV-2 RNA in the corresponding postmortem tissues was statistically significant only for diffuse alveolar damage (p = 0.0009).

We have additionally divided the cases with a postmortem diagnosis of diffuse alveolar damage in two groups, according to the phase of diffuse alveolar damage (exudative vs. proliferative/organizing phase). No statistically significant association between the phase of diffuse alveolar damage and positivity for SARS-CoV-2 RNA in the lung tissue could be demonstrated (Fisher's exact test, p = 0.53). None of those patients had the fibrotic stage of diffuse alveolar damage.

(Figure 5 and Supplementary Tables 4, 5).




DISCUSSION

Our data provide evidence of postmortem persisting SARS-CoV-2 RNA up to more than 1 month after the first COVID-19 diagnosis. Moreover, tissue damages, observed in this cohort as diffuse alveolar damage, systemic thromboembolic phenomena, ischemic damages, and hemorrhages, could also be demonstrated up to 2 months after the first diagnosis of SARS-CoV-2 infection. Of note, these morphologic findings can last longer than the persistence of SARS-CoV-2 RNA and can be frequently observed without evidence of SARS-CoV-2 RNA in the affected organs. There is a strong association between persistence of SARS-CoV-2 RNA in the lung and diffuse alveolar damage, but not between the persistence of SARS-CoV-2 RNA and other morphologic findings. In cases of diffuse alveolar damage, no statistically significant difference in the positivity of postmortem swabs for SARS-CoV-2 RNA in the lung could be observed between exudative and proliferative phases. Furthermore, we can show that additional conditions, such as concomitant bacterial pneumonia and lung aspergillosis, can occur at any point after the diagnosis of SARS-CoV-2 infection (ranging from very early, i.e., 1 day after diagnosis, to later, i.e., up to 2 months) and can worsen the tissue damage contributing to mortality and morbidity. Those findings together might suggest that tissue damage is not only and always dependent on direct viral effects but could also be mediated through several inflammatory mechanisms and may, therefore, corroborate the hypothesis of possible long-term persistence of COVID-19 in a subset of patients and thus contribute to the understanding of long-COVID disease. Nevertheless, we acknowledge that 35 autopsies represent a limited cohort compared to the total number of fatal cases of COVID-19 in our country, and that an autopsy-based cohort is exposed to too many biases (such as including just the patients with severe comorbidities in a hospital setting) to draw definitive conclusions on the pathogenesis of long-COVID. Moreover, additional studies are needed to explain how many of those morphologic findings (e.g., hemorrhages or infarcts) are directly related to SARS-CoV-2, to different therapies, or to the clinical settings of critically ill patients, as well as to better characterize harms and benefits of therapies.

This study shows that the most important autoptic findings in the patients who died from COVID-19 were diffuse alveolar damage (24/35, 69%) and concomitant bacterial pneumonia (23/35, 66%). Lung aspergillosis was also a relevant superinfection in many patients of the second wave (6/28, 21%), known as an important cause of death in critically ill patients. In general, the most important cause of death was diffuse alveolar damage, and, according to the interpretation provided in the autopsy report, SARS-CoV-2 was seen as the major responsible factor in death in most cases (26/35, 74%). In all other patients but one, bacterial pneumonia with or without concomitant lung aspergillosis was the main cause of death, and SARS-CoV-2 was a relevant comorbidity (8/35, 23%). Only one patient (1/35, 3%), aged 22, died from the complications of a myocardial infarction, and the concomitant SARS-CoV-2 infection did not contribute to mortality.

The biometric data, prevalence of clinical comorbidities, and morphologic findings of this autopsy-based cohort are in line with those reported in a recently published review by Caramaschi et al. on 58 studies on autopsies or biopsies of overall 662 patients with COVID-19, providing further confirmation of the spectrum and characteristics of this new disease (46).

To the best of our knowledge, no previous studies compared biometric and clinical data as well as autoptic findings between the first and second pandemic waves. Of note, only the general incidence of hemorrhages and of brain microhemorrhages was significantly higher among the patients of the first wave compared to those of the second wave (respectively, p = 0.009 and p = 0.0003). On this point, brain microhemorrhages in COVID-19 are well-known radiologic and autoptic findings (47–51) and are significantly more frequent in the patients with severe disease and in the ICU (intensive care unit) setting (52). According to the literature, their general incidence ranges from 6.9–54% (52), but, to our knowledge, no studies compare the incidence of cerebral microhemorrhages between the two waves. Nevertheless, caution is needed while interpreting these results; the first point to consider is a sampling bias, given the fact that the protocol for brain sampling was not as standardized as for other organs and the quantity of samples varies among autopsies.

Moreover, autopsy findings do not necessarily reflect the situation of critically ill patients, considering that an autoptic examination is performed only in a minor percentage of cases. However, the present result remains interesting and further confirms that COVID-19 is a systemic disease. Cerebral microhemorrhages are indeed a well-known complication in patients with severe COVID-19 and maybe associated with cerebral endotheliitis (35, 53), although they could also be observed in critically ill patients without COVID-19 in the context of critical illness-associated microbleeds (CRAM) (54). Again, those considerations are of utmost importance when evaluating the harms and benefits of different therapies in severe COVID-19.

The association between severe COVID-19 and bacterial superinfection as well as lung aspergillosis has already been reported in the literature, although the incidence varies among studies (55–57). In our cohort, the incidence of bacterial pneumonia was significantly higher in the second wave. Moreover, the patients of the second wave developed lung aspergillosis more frequently, but this difference was not statistically significant. Among others, a possible explication for these differences is the use of dexamethasone as standard therapy in severe COVID-19 during the second pandemic wave. Given the small number of patients of this cohort, only speculations are possible, and larger studies are necessary to validate this hypothesis.

Apart from that, no statistically significant difference between the patients of the first and of the second pandemic wave concerning age, gender prevalence, body mass index, time interval between diagnosis of SARS-CoV-2 and death, prevalence of main comorbidities, and of most autoptic findings was demonstrated. However, due to the small sample size of the entire cohort, no substantial differences between the first and second waves can be drawn and additional studies, in particular, metanalyses might be necessary to better understand the epidemiologic differences between the pandemic waves.

In patients of the second wave, postmortem swabs were most positive in the lung (70%) and the trachea (69%). SARS-CoV-2 RNA could be detected up to 93 hours after death. The persistence of SARS-CoV-2 RNA several hours and even days after death is a described phenomenon in several organs (58–60), and has been detected up to 35 days after death according to one case report (61). A possible limitation in the interpretation of these results might be that positive SARS-CoV-2 RNA does not necessarily reflect the presence of the virus in the tissues. Actually, false-positive results are reported to occur in about 2% of cases in living patients (62), being contamination during collection procedures, extraction or amplification (e.g., through aerosolization in containment hood), or cross-reaction with other viruses (e.g., other Coronaviruses), some of the factors which might contribute to false-positive RT-PCR results (63). Postmortem RT-PCR for SARS-CoV-2 in tissues of the upper respiratory tract has shown a sensitivity of 96.8% and a specificity ranging from 94.2 to 97.5% (64), so that false-positive and false-negative results should be taken into account. Even a true positive result does not always reflect a viable virus. A surrogate estimating virus viability may be the ct-value of the RT-PCR test: a study by Jaafar et al. showed that the culture of the virus is successful up to a ct-value of 25 (70%), but at a ct-value of 30, this value drops to 20%, and values above 35 are associated with only a low likelihood of successful culture (3%) (65). In virtue of these considerations, additional studies to assess virus viability from autopsy tissues are needed.

Of note, in the second wave, typical histological signatures of COVID-19, such as endotheliitis, leucocytic- or fibrin-thrombi, could be demonstrated also in organs where no SARS-CoV-2 RNA was detected through postmortem swabs and in the patients in whom SARS-CoV-2 was not the main cause of death. Moreover, in our cohort, apart from diffuse alveolar damage, no significant correlation was found between swabs' positivity and morphologic findings. These findings further support the role of indirect and persisting viral damage rather than a direct viral effect of SARS-CoV-2 (27, 65, 66).

This result partially agrees with an autopsy-based study of Skok et al., where no correlation between viral load and severity of organ damages at autopsy was found (41).

In our cohort, there was an inverse association between the time elapsed from diagnosis and death and the positivity of swabs in the organs (i.e., the more time passes, the less frequent positivity is observed), but this was statistically significant only for the lung, the trachea, and the liver. Despite this tendency, we found positive postmortem swabs in different organs also in the patients who were diagnosed with COVID-19 several days before, and one patient had positive swabs of trachea, lung, heart, gut, liver, and kidney even 39 days after the diagnosis. Importantly, we found a statistically significant correlation between SARS-CoV-2 RNA evidence in swabs in the lungs and the occurrence of diffuse alveolar damage (p = 0.0009), but the association between other morphologic findings and positivity of the swabs in the corresponding organs was not statistically significant.

Up to date, postmortem viral tropism and dynamics through swab examinations have not been characterized in detail. Two autopsy-based studies of Skok et al. investigated the presence of SARS-CoV-2 RNA on different organs at autopsy and found a systemic distribution of the virus (in the throat, lung, intestine, and brain) and morphologic findings in line with ours (41, 42).

Another autopsy-based study of Deinhardt-Emmer et al., including 11 patients who died from COVID-19, described the viral distribution through postmortem swabs performed in a relatively short time interval after death (mean, 5.6 hours; range, 1.5–15 hours). The authors demonstrated a systemic involvement with the highest viral load in the lungs and hypothesized a topological correlation of viral load and histopathological damage in the lung (39).

In general, our results on postmortem swabs and morphologic findings are in line with the aforementioned autopsy-based studies, providing further confirmation of the systemic nature of COVID-19 and of the tropism of SARS-CoV-2 for different organs. Moreover, the lack of correlation between the presence of SARS-CoV-2 RNA in tissues and morphologic findings seems again to confirm an inflammatory-mediated process, rather than direct viral damage, as already postulated in the literature (66–70).

In summary, SARS-CoV-2 RNA persists in different organs several weeks after the first diagnosis of COVID-19. Macroscopic and histologic pieces of evidence of tissue damage in critically ill patients can be demonstrated up to 2 months thereafter both in organs with and without postmortem evidence of SARS-CoV-2 RNA. Cerebral microhemorrhages were statistically more frequent in the patients of the first pandemic wave. Postmortem SARS-CoV-2 RNA showed a systemic distribution, with the highest prevalence in the lungs and trachea. There is a significant correlation between the presence of SARS-CoV-2 RNA and diffuse alveolar damage in the lungs, but no other correlation with other autoptic findings.
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Supplementary Figure 1. Details of Figures 2C,D (cerebral tissue from basal ganglia). Inset 1: Luxol-stain demonstrates myelin loss (magnification 25 x). Inset 2: immunostaining for NF70/200 (magnification 25 x) demonstrates loss of axons: as such, myelin loss should be interpreted as secondary to infarction and not as demyelination. Inset 3: Luxol-stain in a control case from the same anatomical region (basal ganglia) without myelin loss. Inset 4: immunostaining for NF70/200 in a control case from the same anatomical region (basal ganglia) without loss of axons.

Supplementary Figure 2. Comparison between morphologic findings and positivity of postmortem swabs in the corresponding organs. The patients are ordered from up to down in a crescent pattern based on the number of days between diagnosis of COVID-19 through nasopharyngeal swab and death. Interpretation: green = finding present with positive swab; blue = finding present with negative swab; red = finding absent with positive swab; black = finding absent with negative swab. NA, not available; DAD, diffuse alveolar damage; BP, bacterial pneumonia; LA, lung aspergillosis; MiT, microthrombi; MaT, Macrothrombi; LH, lung hemorrhages; LI, lung infarcts; MI, myocardial infarction.
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Purpose: It is not mandatory to report lymphatic vessel invasion in pathology reports of papillary thyroid cancer (PTC) according to the current Union for International Cancer Control (UICC) TNM (tumor, nodes, and metastases) classification. However, there is some evidence for its correlation with lymph node metastasis (LNM) and prognosis. The aim of this study was to explore the clinical implication of lymphatic vessel invasion documentation of PTC because pathology reports play a pivotal role in postsurgical clinical decision-making in endocrine tumor boards.

Methods: Patients undergoing postoperative radioiodine treatment for PTC at the University Hospital of Cologne, Germany between December 2015 and March 2020 were identified. Pathology reports were screened for documentation of lymphatic vessel invasion. Demographics and clinicopathologic data of patients documented, including lymphatic vessel invasion and lymph nodal involvement were analyzed.

Results: A total of 578 patients were identified and included. Lymphatic vessel invasion was reported in pathology reports of 366 (63.3%) and omitted in 112 (36.7%) patients. Positive lymphatic vessel invasion (L1) was diagnosed in 67 (18.3%) of 366 patients and was documented as absent (L0) in 299 (81.7%) patients. Lymph nodal (N) status was positive (N+) in 126 (45.6%) and negative (N0) in 150 (54.3%) of these patients. In 54 (80.6%) L1 cases N+ status and in 137 (65.6%) L0 cases N0 status was diagnosed. In 13 (19.4%) cases with L1 status, there were no LNMs (L1 N0). In total, 72 (34.4%) patients had LNM despite L0 status (L0 N+). The sensitivity and specificity of LVI reporting for LNM were 0.42 and 0.91, respectively.

Conclusion: In routine pathology reports of PTC used for indication to postoperative radioiodine treatment by a German endocrine tumor board, lymphatic vessel invasion was found to be reported inconsistently and mostly as L0. L1 diagnoses, however, reliably correlated with reported LNM and might, thus, be relevant for clinical decision-making. For this reason, we advocate for standardized pathologic reassessment of lymphatic vessel invasion, in particular for cases where lymph nodes are not included in the pathologic specimen and if L0 is documented.

Keywords: papillary thyroid cancer, lymph node metastasis, lymph vascular invasion, nodal involvement of papillary thyroid cancer, L0, L1, lymph vessel


INTRODUCTION

Papillary thyroid cancer (PTC) has a very good prognosis. For this reason, the extent of surgery and prophylactic lymphadenectomy are controversial issues. The European Society of Endocrine Surgery (ESES) recommends prophylactic lymphadenectomy in patients with tumor stages T3 or T4, in patients older than 45 years or younger than 15 years, of the male gender, with bilateral or multifocal tumors, and known involved lateral lymph nodes (1). The British Thyroid Association (BTA) advocates for it in aggressive histopathological subtypes, in patients older than 44 years, with multifocality and tumors sized >4 cm at their largest diameter (2). Also, according to the American Thyroid Association (ATA) “prophylactic central-compartment neck dissection (ipsilateral or bilateral) should be considered in patients with papillary thyroid carcinoma with clinically uninvolved central neck lymph nodes (cN0) who have advanced primary tumors (T3 or T4) or clinically involved lateral neck nodes (cN1b), or if the information will be used to plan further steps in therapy” (3). The European Society of Medical Oncologists (ESMO) underlines that it facilitates the precise staging of the disease and guides subsequent treatment and follow-up, although there is controversial evidence supporting the improvement of recurrence or mortality rate (4). Moreover, the Japanese Association of Endocrine Surgeons (JAES) recommends it for all patients with PTC, excluding papillary microcarcinoma of the thyroid (5). Personalized approaches are required, taking into account the context of the patient, the tumor biology, the experience of the thyroid surgeon, and the benefit/risk ratio (6). In a recent meta-analysis including 9,369 PTCs, lymph node metastasis (LNM) was identified in 31.7% of patients (7). Significant risk factors were age (<45 years), gender (male), multifocality, tumor size (>1 cm), tumor location (upper third of the thyroid), capsular invasion, and extrathyroidal extension (ETE) (7). However, not negligible rates of LNM have been reported for pT1a tumors (8, 9). The clinical significance of lymph nodal involvement in pT1a and pT1b tumors is controversial. Although a recent study reports rates of 11% for PTCs incidentally diagnosed during autopsy (10), there is also some evidence for an increased risk of recurrence (11) and for compromised overall survival in patients with nodal involvement (12), making this issue very relevant for young patients. For this reason, the diagnosis of LNM leads to radioiodine treatment and suppressive TSH treatment during follow-up, even in pT1a patients in Germany. Since pT1a or even pT1b tumors can be diagnosed incidentally in patients undergoing thyroidectomy for multinodular goiter, many of these patients do not undergo lymphadenectomy.

Lymphatic vessel invasion (LVI) has been shown to correlate with LNM and with patients' prognoses in several tumor entities (13–16). In a recent study, it was found to be the only independent prognostic factor of disease free survival (DFS) in patients with lymph node-negative superficial esophageal squamous cell carcinoma (17). Even its documented absence (L0) might play some predictive role: a multicenter retrospective analysis found that no LNMs were identified in women with low-risk cervical cancer and no LVI. L0 was suggested as a possible argument for omitting prophylactic lymphadenectomy in these patients (18). Although there is some evidence that LVI in PTC correlates with LNMs (19–22) and with outcomes of patients (6, 23, 24), LVI does not play any concrete role in clinical decision-making. Vascular invasion instead is included among those crucial histologic variables for initial risk stratification and clinical management of PTC, alongside ETE, margin status (R), and the number of metastatic lymph nodes (pN-status) (25–27). LVI (L-status; L1 = invasion and L0 = no invasion) is not regularly included in pathology reports in PTC in Europe, as it is not mandatory to report LVI according to the current TNM classification (28). One possible explanation is that LVI in PTC is often not easily identified in thyroid parenchyma (Figure 1) (29).


[image: Figure 1]
FIGURE 1. (A) Papillary thyroid carcinoma (PTC) displaying significant stromal desmoplasia (*) with small tumor foci surrounded by slit-like spaces (→) indicating vascular invasion. (B) Immunohistochemical staining for Podoplanin/D2-40 shows that slit-like spaces lack circumferential staining for D2-40 (→) indicating the presence of retraction artifacts and not lymphatic vessel invasion (LVI). (C) Different tumor areas of the same PTC show small tumor nodules with discrete slit-like spaces (→) surrounded by lymphocytes (*). (D) Circumferential D2-40-positivity confirming LVI (→).


Lymphatic vessel invasion is defined as “tumor deposits within lymphatic spaces” that may manifest “as psammoma bodies alone within these spaces” (27, 30, 31). However, often the invaded lymph vascular channels are overgrown by the tumor, as evidenced by the absence of lymphatic channels in the central part of most PTCs with lymph node metastases (29). The thin walls of the lymphatic vascular channels and the invasive nature of the tumors are factors, which can make LVI detection challenging (Figure 1). In addition, LVI assessment is not sufficiently standardized in our experience: for the most part, only representative tumor sections are embedded and H&E staining of representative sections are deemed sufficient for reporting the lack of LVI (L0). However, LVI is not only limited to the tumor itself and tumor interface but could be manifested by the spread of PTC in the ipsilateral and even contralateral lobe seen as psammomas and/or (usually subcapsular) “tumor seeds.” Additional immunohistochemical stains or additional tissue sectioning might help detect LVI. Both, generally, are not routinely performed in the clinical setting (Supplementary Figure 1).

The aim of this study was to critically question the LVI documentation in routine pathology reports of papillary thyroid cancer. Tumors that were deemed worth treating with radioiodine therapy by the multidisciplinary endocrine tumor board of the university were included and the impact of LVI documentation on clinical and pathological parameters was explored. We also investigated if LVI documentation might be helpful for identifying nodal involvement in pT1a tumors.



METHODS


Patients

Patients who underwent postoperative radioiodine therapy between December 2015 and March 2020 (4 years and 3 months) for PTC as judged by the interdisciplinary tumor board for endocrine tumors at the University Hospital Cologne, Germany were identified and included. In Germany, national guidelines advise for radioiodine therapy in PTC pT1b and higher, and in selected cases of pT1a (e.g., unfavorable histology, lymph node involvement, etc.). Postoperative tumor board recommendations are generally based on pathology reports besides clinical information delivered by the presenting physician.

Surgery was performed as thyroidectomy with or without central lymph node dissection depending on the time of diagnosis (pre- or postoperatively) and the experience of surgeon, as recommended by the German Guidelines (32). In some cases, lateral lymph node dissection was also performed, when the preoperative radiologic diagnosis suggested lymph node involvement, according to the current German Guidelines (32).



Histopathology

In our pathologic institute, the resected specimens were fixed in 4% phosphate-buffered formalin and embedded in Paraffin. For each cm of the tumor (largest diameter), one tumor section was embedded. A 3-cm large tumor would be analyzed using three tumor sections, ideally comprising one entire diametrical section of the tumor. Three micron thick sections were cut and stained with H&E. Diagnoses were made according to the, at that time, current (2009 and 2017) WHO classification of Tumors of Endocrine Organs. Shortly, H&E-stained sections were routinely screened for signs of LVI. These included the presence of tumor tissue and/or psammoma bodies in lymphatic spaces, including lymphatic spaces within the tumor, but also at the periphery of the tumor, or somewhere else in the resection specimen, as described by Mete et al. (27) and Wittekind (28). Additional immunohistochemical staining was not routinely performed, but only in a subset of cases, which were deemed unclear. Staging, including the assessment of the Nodal Status and LVI, was performed according to the 2018 International Union Against Cancer (UICC) TNM classification system (28). In addition to the number of the resected and metastatic lymph nodes, the number of metastatic lymph nodes with extracapsular extension (ece+) was also determined.

In instances where patients were only referred for radioiodine treatment to our University Hospital, only pathology reports were obtained and included.

Additionally, in order to find out if LVI identification might be helpful for identifying nodal involvement in pT1a tumors, 22 specimens of papillary microcarcinomas with confirmed nodal involvement were retrospectively reassessed with H&E and D2-40 immunohistochemistry (IHC) by two experienced pathologists, according to the criteria defined above (28) (presence of tumor tissue and/or psammoma bodies in lymphatic spaces, including lymphatic spaces within the tumor, but also at the periphery of the tumor, or somewhere else in the resection specimen).



Data Collection, Analysis, and Ethic

Electronic and paper data of the University Hospital of Cologne were retrospectively collected and analyzed. Data were analyzed using Excel 365 and IBM SPSS Statistics for Windows, Version 25.0, Armonk, NY, USA. This study was approved by the ethics committee of the University Hospital Cologne (Approval ID 20-1724).




RESULTS


Characteristics of Patients

Between December 2015 and March 2020, 740 patients received radioiodine treatment at our institution. Forty (5.4%) cases were excluded due to incomplete data. Five hundred and seventy-eight (82.6%) reports described papillary thyroid carcinomas (PTC) and were included in the present analysis. They corresponded to 175 (30.2%) males and 403 (69.8%) females. The median age of male patients was 50 years (range 17–82 years) and that of female patients 47 years (range 11–85 years) (p < 0.05). Advanced tumor stages (pT3/T4) were diagnosed more frequently (p < 0.05) in men (42 of 175 cases, 42%) than in women (63 of 403, 15.6%).



Lymphatic Vessel Invasion Report

In 366 (63.3%) of 578 pathology reports, the LVI status was described. The frequency of LVI reporting was not associated with gender of patients (p = 0.54), age (p = 0.37), tumor size (p = 0.11), PTC variant (p = 0.57), or pT status (p = 0.66). LVI status was more often reported in patients without N-reporting (Nx, p < 0.05) (Table 1).


Table 1. Lymphatic vessel invasion (LVI) report and clinicopathologic variables (*p-values are calculated for LVI reported vs. non-reported).
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Lymphatic Vessel Invasion Status

Lymphatic vessel invasion absence (L0) was documented in 299 (81.7%) and positive lymph vascular invasion (L1) in 67 (18.3%) of 366 pathology reports. Lymph vascular invasion (L1) was more frequently detected in male patients (p = 0.01), greater tumor size (p < 0.05), higher pT- (p < 0.01), and pN-status (p < 0.01). Whereas, lymph vascular invasion (L1) was seen in only 5% of patients with a pT1a status, the frequency of L1 increased to 23.5% in pT2, 32% in pT3 and 66.7% in pT4 (p < 0.01). Similarly, lymph vascular invasion (L1) was reported in only 8.7% patients with pN0 and in 42.8% patients with pN+ (p < 0.01). In Nx patients L1 was reported in only 4.4% of cases (p < 0.01) (Table 2).


Table 2. LVI presence (L1) and absence (L0) and clinicopathologic variables (*p-values are calculated for L0 vs. L1).
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Lymphatic Vessel Invasion and Lymph Node Metastasis (LNM)

In 454 (78.5%) of 578 PTC pathology reports the N-status was reported either as negative 256 (N0, 56.4%) or positive 198 (N+, 43.6%). In 276 (60.8%) reports, a LVI and a pN-status were also documented (Table 2).

Patients with nodal involvement showed significantly more often an L1 diagnosis (80.6 vs. 19.4%, p < 0.01) and an advanced pT status (pT4 88.9 vs. 11.1%, p < 0.05) in their pathology report (Supplementary Table 1). They were significantly more frequently male (63.8 vs. 36.2%; p < 0.01), younger (median age 41 years, range 11–84 vs. 51, range 18–85; p < 0.01) and had a higher number of harvested lymph nodes (21.3 ± 15.8 vs. 14.5 ± 13.9, p < 0.01) (Supplementary Table 1). The independent variables LVI, pT status, gender, age, and the number of harvested lymph nodes, which were significant in univariate analysis, were then entered into the regression model for multivariate logistic regression analysis. The results showed that LVI, male gender, younger age, a larger number of harvested lymph nodes were significant risk factors for LNM (Supplementary Table 2).

Positive LVI (L1) was described in 67 (24.3%) patients. Among them, 54 (80.6%) also had positive pN-status (L1pN+) and 13 (19.4%) had a pN0-status (L1pN0).

L0 was documented in 209 (57.1%) patients. Among them, 137 (65.6%) had a pN0-status (L0pN0), whereas in 72 (34.4%) patients a pN+ status was documented (L0pN+). Most L0pN+ cases were found in pT1b (39.2%), followed by pT2 (24.3%) and pT1a (17.5%).

Additionally, 22 pT1a tumors with nodal involvement were reassessed using H&E and D2-40 IHC (Supplementary Figure 1). They had been diagnosed as L0 in 13 (61.9%) cases and as L1 in 2 (9%) cases. In 7 (31.8%) cases, L status was not documented. Retrospective reassessment using both H&E and D2-40 IHC performed by two independent, experienced pathologists delivered no tumor tissue and/or psammoma bodies in lymphatic spaces, including lymphatic spaces within the tumor, but also at the periphery of the tumor, or somewhere else in the resection specimen, and L0 was reassessed according to this definition in all cases (Supplementary Table 2).



Predictive Value of LVI Report for Lymph Node Metastasis

The positive assessment of LVI (L1) correlated in 80.6% of cases with lymph node metastases. The documented absence of LVI (L0) was correlated in 65.5% of cases with tumor-free lymph nodes. The sensitivity and specificity of the LVI report for lymph nodal involvement in this study were 0.41 and 0.92, respectively. The positive and the negative predictive value were 0.80 and 0.65, respectively.

As described above, reported LVI was a significant independent risk factor for LNM in the multivariate analysis (p = 0.001, Supplementary Table 2).




DISCUSSION

In several tumor entities, LVI has been shown to correlate with LNMs and with prognoses of patients (13–18). Similar data are available for PTC (6, 19–24). However, LVI does not play a role in clinical decision-making according to all major guidelines and is not mandatory in pathology reports of PTC according to the current TNM classification (28). In Australia, it has been shown to be routinely reported and is only omitted in 15.8% of cases (33). In this study, the data of a German academic endocrine center were explored in order to identify the extent of LVI documentation in routine pathology reports of papillary thyroid cancer and estimate its role as a possible predictor for LNM, especially in cases that generally do not require lymphadenectomy like microcarcinomas <1 cm.

Lymphatic vessel invasion was reported in 63.3% of pathology reports of patients with PTCs, who underwent postoperative radioiodine treatment at our institute. The presence of LVI increased expectedly alongside with higher stage, from 5% in pT1a, 13.4% in pT1b, 23.5% in pT2, 32% in pT3 to 66.7% in pT4 (Table 2). Similarly, the rate of LNM rose from 42.5% in pT1a, 40.8% in pT1b, 44.2% in pT2, 53.5% in pT3, to 88.9% in pT4 (Supplementary Table 1).

Our data confirm that L1 documented in pathology report quite reliably correlated with a diagnosis of lymph node metastases (pN+). A total of 54 (80.6%) patients with reported positive LVI also had a diagnosis of LNM. On the other hand, 13 (19.4%) patients with positive LVI (L1) had a pN0-status in the initial histopathologic report. These L1pN0 cases might be due to the fact that the surgeon performing a prophylactic lymphadenectomy might have missed deeper or lateral lymph nodes, in order to avoid complications in a procedure performed for a cancer, which generally has an excellent prognosis. Eleven (84.6%) of these 13 patients achieved biochemical and radiological cure in a mean follow-up of 27.6 ± 16 months after radioiodine treatment. One 59-year-old woman with a pT1b pN0 (0/1), L1 tumor, and a 31-year-old woman with a pT2 pN0 (0/1), L1 tumor instead have not been cured by initial surgery and radioiodine therapy (RAIT). In the first case, there are elevated and slowly increasing thyroglobulin levels with currently no evidence of structural disease in repeated iodine and PET-CT scan. The second patient underwent repeated cervical surgery delivering eight PTC metastases in 40 resected lymph nodes.

In 72 (34.4%) cases, LNM was reported despite L0 status indicating a concrete risk of lymph node involvement even in L0 reporting. Thirteen of these patients had a pT1a tumor. Pathologic reassessment of 22 specimens including 13 L0, 2 L1, and seven tumors with no LVI documentation was performed by two independent, experienced pathologists. No cases showed LVI diagnosis according to the current definition [presence of tumor tissue and/or psammoma bodies in lymphatic spaces, including lymphatic spaces within the tumor, but also at the periphery of the tumor, or somewhere else in the resection specimen (29)], despite nodal involvement. Two cases, which had originally been reported as L1 (Supplementary Table 3), could not be confirmed as L1. This underlines the difficulty of diagnosing lymph vessel invasion especially in smaller tumors, even with the additional use of IHC.

In the interpretation of the data presented in this study, the reliability of pathology reports needs to be discussed. The thin walls of the lymphatic vascular channels and the invasive nature of the tumors are likely elements masking the evidence of lymphatic invasion (30). Xu and Ghossein recently pointed out that features separating lymphatic from vascular invasion based on histology alone can be difficult (34). Lymphatic invasion is generally assessed by H&E staining method only. One major challenge of this method is to distinguish lymphatic invasion from the retraction artifacts caused by tissue handling and fixation (29) (Figure 1). The use of IHC staining methods can support the diagnosis: a meta-analysis on lymphatic invasion in breast cancer showed detection rates ranging from 10 to 49% for H&E and a narrower range from 21 to 42% for IHC (35). In the daily practice, moreover, only representative parts of the tumor are sectioned and examined, and IHC is not used routinely, indicating a possibility of underdiagnosis of lymphatic invasion (Supplementary Figure 1). Since the CAP 2021 considers LVI as a core reporting element (27), the clear criteria for diagnosis, including direct and indirect LVI signs, should be more broadly implemented in routine pathologic protocols for PTC.

Another issue to consider is the variability in the number of harvested lymph nodes in lymph node dissections. Some pathology reports included only one lymph node and cases were signed out as “pN0” based on this singular, possibly unintended resected node. In several cases lymphadenectomy had not been performed, according to the German guidelines stating that the benefit of prophylactic lymphadenectomy is unclear and should be performed only by experienced thyroid surgeons, weighing the risk of morbidity and the possible benefit for the patient. If lymphadenectomy is performed, there are three main aspects influencing lymphadenectomy results. There are individual patient-associated anatomic aspects, like the normal number of lymph nodes in the central neck compartment varying between 2 and 44 lymph nodes (36). There are also technical aspects, which are relevant to the surgeons and some which are relevant to the pathologist. The surgeon must make sure that the extent of resection does not unnecessarily increase morbidity and the pathologist must be aware that smaller lymph nodes may be hard to detect within large dissection specimens and ideally embed the complete specimen (36). A retrospective Surveillance, Epidemiology, and End Results (SEER) analysis, including the results of 5,107 central lymphadenectomies for PTC, reported an average total number of lymph nodes removed of 4 (37). The significantly higher number reported in this study is possibly due to the fact that most patients receiving lymphadenectomy had been operated in specialized clinics. Additionally, according to the German guidelines, lateral lymphadenectomy is also warranted if the lymph nodes appear sonographically enlarged or suspicious. While evidence of LNMs can help the nuclear medicine specialist in correct staging and for adjusting the radioiodine activity to administer (38), a diagnosis of four tumor-free lymph nodes, instead, can hardly rule out lymph node involvement.

Several studies agree that LVI has a positive correlation with LNMs (19–22), and a negative impact on outcomes of patient (6, 23, 24), although single studies report no significant association with response to therapy (39). In this study, the positive correlation with LNMs can be confirmed. An additional finding is the remarkably high percentage of LNM (34.4%) in L0 tumors, which is also confirmed by the data of Pontius et al. (32.5%) (23). Given this high rate of LNMs, despite the lack of LVI and given the limits of the currently widely used methods (H&E staining of representative parts of the tumors only), the L0 report appears of poor clinical significance.

Some shortcomings of this study must be mentioned. First, the reference standard consisted of pathology reports, thus conclusions might be affected by the individual bias of pathologists, who initially signed out the specimens. So far, we did not routinely reassess specimens of patients referred for postoperative treatment at our institution. Based on the data presented, we plan to reassess lymph vessel invasion in the future, in order to investigate if this information might impact clinical decision-making. Second, long-term follow-up data for some of these patients are not included, hence we did not analyze systematically which of these patients developed metastases in the course of their disease or even radioiodine refractory disease. Finally, the patients included in this study were treated or referred to a university center (40). It also needs to be mentioned that active surveillance for low-risk PTC has shown to be safe and feasible in certain populations. However, in Europe and especially in the time lapse of this study, it is currently limited to clinical trials. Moreover, to the best of our knowledge, there are no data on active surveillance of nodal involvement.



CONCLUSION

We conclude that the presence of LVI (L1) documented in routine pathology reports delivers important information, as it likely correlates with LNM. The reported absence of LVI (L0) however, with the widely used H&E staining of a representative section of the tumor, does not reliably correlate with the absence of LNM and might suggest wrong assumptions. In the absence of lymph nodes in the surgical specimen, standardized pathologic reassessment of L0 diagnosis included in routine pathology reports might be helpful for better assessment of the risk of nodal involvement.
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Supplementary Figure 1. Representative cases of papillary thyroid carcinoma depicting the need for standardized LVI evaluation. (A) Papillary thyroid carcinoma (PTC; pT1b) without evidence of lymphovascular invasion (LVI) on H&E-stained section of the primary tumor. However, psammoma bodies can be appreciated (*) sometimes surrounded by slit-like spaces. No additional staining was performed. The case was signed out as L1 as a lymph node metastasis was detected [pN1 (4/5)]. (B) Hereinafter performed Podoplanin (D2-40) immunohistochemistry (IHC) showed very few lymphovascular channels (→) at the periphery of the tumor; no evidence for LVI. (C) PTC (pT1a) with small tumor nodules at the periphery, some of which are surrounded by slit-like-spaces potentially suggesting LVI on HE stained sections. The case was signed out as L0 without further analysis and showed lymph node metastases [pN1 (2/33)]. (D) Subsequently performed D2-40 staining depicts vascular channels at the periphery of the tumor without tumor cell invasion supporting the absence of LVI. (E) PTC (pT1b) with small foci of tumor nodules surrounded by slit-like spaces at the periphery (*) suggesting LVI. The case was signed out as L1. No lymph node metastases were detected [pN0 (0/6)]. (F) LVI could not be confirmed by D2-40 staining.

Supplementary Table 1. Patients with L- and N status. Lymph nodal involvement was significantly more frequent in younger patients, in men and in patients with a higher number of harvested lymph nodes, higher pT status, and lymphatic vessel invasion (LVI) documented in the pathology report. Tumor size was not significant (p = 0.47).

Supplementary Table 2. Results of a multivariate analysis including the independent variables gender, age, pT status, LVI and number of harvested lymph nodes, which had been found significant in Supplementary Table 1. The results showed that LVI, gender, age, and a number of harvested lymph nodes were significant risk factors for lymph node metastasis. B, β coefficient; SIG, statistical significance, p-value.

Supplementary Table 3. Pathology reassessment of 22 cases of pT1a pN1 papillary thyroid carcinoma (PTCs), including 13 L0, 2 L1, and 7 cases in which LVI had not been documented. LVI could not be diagnosed in any case, also in the two cases in which it had been reported.
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The Royal College of Pathologists (RCPath) celebrates its Diamond Jubilee in 2022 since its opening by Her Majesty Queen Elizabeth II in 1962. One of the main remits of RCPath is the overseeing of the training of pathologists and scientists working in pathology’s 17 different specialties within the United Kingdom and across the globe. During its 60 years, three female Presidents have been elected: Dame Barbara Clayton (1984–1987), Dr. Suzannah (Suzy) Lishman CBE (2014–2017), and Prof. Joanne (Jo) Martin (2017–2020). Whilst Clayton specialised in Chemical Pathology and its relevance to public health, both Lishman and Martin are diagnostic cellular histopathologists with differing areas of expertise. This article reviews the contributions of these three distinguished and inspirational female pathologists to Pathology (“the science behind the cure”), to healthcare, public health and education, medical research, and to teaching. It highlights their qualities as leaders and mentors for those not only in medicine but in other career settings.
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INTRODUCTION

The Royal College of Pathologists (RCPath) is celebrating its 60th anniversary in 2022. The College was founded on June 21st, 1962. It received its Royal Charter in February 1970. Its first substantive premises were at two Carlton House Terrace, a Grade I listed Georgian Townhouse located in the heart of Westminster, London. It was opened on 16th December that year by its Royal patron, Her Majesty Queen Elizabeth II. In November 2018, RCPath moved to its new premises, a bespoke award-winning building designed by Bennetts Associates in Alie Street, Aldgate, East London.

The College is a charity with over 11,000 members worldwide. RCPath oversees the training of pathologists and scientists working in 17 different specialties, including cellular pathology, clinical biochemistry, haematology, medical microbiology and virology, immunology, forensic, and veterinary pathology. Most members are medical, scientific, dental, or veterinary practitioners working mainly in United Kingdom hospitals and universities. The Trustee Board of the College includes its Honorary Officers, comprising amongst others the elected President of the College and three Vice-Presidents (Communications; Teaching and Learning; and Professionalism). The President and Vice-Presidents have 3-year terms, and they undertake these unremunerated roles in addition to their routine diagnostic work. The first President of the College was Sir Roy Cameron, from 1962 to 1966. During its 60 years, three female Presidents have been elected: Dame Barbara Clayton (1984–1987), Dr. Suzannah (Suzy) Lishman CBE (2014–2017), and Prof. Joanne (Jo) Martin (2017–2020). The aim of the following article is to review the contributions of these three distinguished female pathologists to Pathology (“the science behind the cure”), to healthcare, and to medical research and teaching.



DAME BARBARA EVELYN CLAYTON (1984–1987)

Prof. Dame Barbara Clayton was born in Liverpool, United Kingdom, on September 2nd, 1922, to her parents Constance Evelyn (née Caine) and William Clayton, who then moved to Orpington, London (1). Her father was a food scientist who is renowned for inventing salad cream. Dame Barbara was educated at St Nicholas Preparatory School in Orpington, and subsequently at nearby Bromley County School for Girls, where she was head girl. She then studied medicine at the University of Edinburgh and the Edinburgh Royal Infirmary, qualifying in 1946. Following graduation, she commenced a Ph.D. in the Medical Research Council Clinical Endocrinology Unit in Edinburgh, on the topic of oestrogens (1, 2). After completing this in 1949, Clayton returned to London and became the Holden Research Fellow at St Thomas’s Hospital Medical School for 7 years, before she was promoted to Clinical Lecturer in Chemical Pathology. Her research on hormones – e.g., adrenocorticotropic hormone (ACTH), parathyroid hormone and its interactions with Vitamin D, as well as ascorbic acid metabolism – and the development of new biochemical techniques – brought her well-deserved recognition.

In 1959, she moved to Great Ormond Street Hospital (GOSH) where she was a consultant pathologist and continued to do research, particularly in the genetic metabolic disorders suffered by newborn babies. She pursued a passion for improving childrens’ healthcare and was renowned for her expertise in the diagnosis of phenylketonuria – the special diet that Clayton designed continues to be in common use today (3, 4).

In 1964, Prof. Clayton and others were very concerned with the high levels of lead found in some children’s blood, and this led to her writing a landmark paper entitled “Lead poisoning in children” in 1964 (5), highlighting the detrimental effects lead has on the growth and development of their nervous systems. Whilst a member of the “Royal Commission on Environmental Pollution” in the 1980s, she campaigned for and lobbied the United Kingdom government to enforce a ban on lead in petrol, paint, and other products.

In 1978, after the sudden death of her husband (William [Bill] Klyne), Clayton moved to the new medical school at the University of Southampton as Prof. of Chemical Pathology and Human Metabolism (its first female Prof.) and honorary consultant chemical pathologist at the University hospital. She was Dean of Medicine at the University from 1983 to 1986, and honorary consultant chemical pathologist at the Southampton General Hospital. Appointed Emeritus Prof. in 1987, she continued her work on nutrition, but this time looking at the needs of the elderly, particularly those in care homes, about which there was little information and under resourcing.

Over her career, Clayton published about 200 academic papers, which addressed basic and translational research as well as hospital-based and community screening/care of metabolic disorders. She also served on more than 30 expert committees, several of which she chaired. These included the British Nutrition Foundation, the Association of Clinical Biochemists, the Biomedical Sciences Section of the British Association for the Advancement of Science, the Society for the Study of Inborn Errors of Metabolism, the British Nutrition Foundation, and the medical/scientific panel of the Leukaemia Research Fund. Clayton served on Royal Commission on Environmental Pollution from 1981 to 1996 and chaired the enquiry into the Camelford water pollution incident in 1988. The latter dealt with the inadvertent addition of aluminium sulphate to the water supply, raising the concentration to 3,000 times the then admissible level.

Relevant to this article, Clayton was the first female President of the Royal College of Pathologists her term being 1984–1987. Her College portrait now located in the new RCPath building in Alie Street shows her not with microscope or a learned tome on her lap but with a simple cup of tea – a symbol of her convivial personality and her ability to solve problems with diplomacy (Figure 1). She was also President of the National Society for Clean Air and Pollution (1995–1997) and the British Dietetic Association (1989–2008).
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FIGURE 1. Prof. Dame Barbara Clayton.


She received several Honours including a CBE in 1983 and DBE in 1988 for “outstanding contributions on the importance of diet and nutrition and in Chemical Pathology.” In 1999, she was awarded the “British Medical Association’s Gold Medal” for distinguished merit (a rarely awarded honour), and was conferred an Honorary Fellow of the Institute of Biology as well as an Honorary Fellow of the Royal College of Paediatrics and Child Health.

Dame Barbara Clayton was an inspiration and believed that women just had to be better than men to succeed. She was both sociable and private, never shouting about her own achievements.



DR. SUZANNAH (SUZY) CLAIRE LISHMAN, CBE (2014–2017)

Dr. Suzy Lishman was born in 1967 into a medical family (grandfather and father, both GPs; aunt, respiratory physician; mother and both grandmothers, all nurses), in Beverley in the East Riding of Yorkshire and was educated at Wakefield Girls’ High School, The King’s School Ely and the Neale Wade Community College in March, Cambridgeshire (6). She grew up in Yorkshire and the Fens in England. She was inspired by her aunt Angela, who showed her that women can have good careers in medicine, and so she followed her footsteps to Girton College, Cambridge and the London Hospital Medical College to study Medicine, qualifying in 1992. After completing house jobs in East London, Lishman applied to University College Hospital to specialise in histopathology; she completed this specialist training in 1999. Her first consultant job was at Hinchingbrooke Hospital in Huntingdon, and she moved to Peterborough District Hospital in 2006. The hospitals merged in 2017 to form North West Anglia NHS Foundation Trust. Lishman is currently a consultant cellular pathologist and lead medical examiner at this Trust. She has an interest in colorectal pathology and is pathology lead for the Bowel Cancer Screening Programme.

Lishman was involved with the College very early even as a Trainee in Histopathology, attending trainees’ committee meetings. Between 2005 and 2017, she held every honorary office of the Royal College of Pathologists (except Treasurer), as Assistant Registrar (2005–2009), Registrar (2009–2011), Vice-President (Communications; 2011–2014), and President (2014–2017) (Figure 2). During this time, Dr. Lishman raised the profile of the speciality tremendously by introducing public engagement initiatives such as National Pathology Week and International Pathology Day. She has closely collaborated with the Science Museum, Royal Institution, Royal Society, and Cheltenham Science Festival, amongst many other venues and organisations. She has also contributed to numerous television documentaries, talking on a range of topics from the health of Henry VIII to the hidden dangers in the Tudor, Victorian, and Edwardian home. Lishman is active on social media with the Twitter and Instagram handles of “@ilovepathology.” She uses various media to achieve outreach: in particular, Lishman is renowned for the development of “Living Autopsy” events, which involve a talk and simulation about what happens during a post-mortem examination. The format employs a “living model,” who “acts” as a dead body whilst the pathologist talks through how they would perform an autopsy, showing the real instruments used and then drawing on the chest of the model’s body to explain where incisions are made, the location of major organs and what tests would be carried out. The aim of the 60–90 min demonstration is to give a scientifically accurate and sensitive account of this important medical examination. The film of Dr. Lishman performing “The Living Autopsy” has received well over a million views on the RCPath YouTube channel (7). Dr. Lishman has often adapted her Living Autopsy demonstration to incorporate various themes of cultural and local interest. Previous events have explored the bubonic plague, Richard III’s death, and what would happen if one died in space. Her public engagement work led to some amusing situations, including “being filmed for television demonstrating the effect of wearing a tight corset on a male model at Griff Rhys Jones’ London home; performing a virtual brain autopsy at Latitude Festival (complete with blancmange brain); and being interviewed by actor Larry Lamb about the pathology faced by soldiers in WWI trenches). In 2013, she was named one of the fifty most inspirational women in healthcare by the “Health Service Journal,” which described her as the “public face of pathology” and “the most outward facing person from that specialism.” Dr. Lishman was awarded the Royal College of Pathologists’ Medal in 2010 and the Royal Society Kohn Award in 2012 for her public engagement work.


[image: image]

FIGURE 2. Dr. Suzy Lishman, CBE.


Ultimately, Dr. Lishman was elected President of the Royal College of Pathologists, commencing in November 2014, as the College’s second female (and youngest) president. As President, she passionately represented the views of members, working closely with other specialist societies, and forging links with parliamentarians and other policy makers to ensure that pathology is considered in health-related discussions. She continued performing her living autopsies and talking to school groups in between presidential duties. A quote from Lishman is: “One of the joys of being a College officer is working with a diverse group of people from different regions, specialties and professional backgrounds for the benefit of members and patients.”

Following her Presidential term, Dr. Lishman was appointed to (and remains) Chair of the RCPath Medical Examiners’ Committee and national training lead for medical examiners. Medical examiners are senior medical doctors, who are trained in the legal and clinical elements of death certification processes. The Committee overseas a national system of medical examiners that is currently being rolled out in England and Wales to provide much-needed support for bereaved families and to improve patient safety. Dr. Lishman has delivered training to over 1400 medical examiners so far and is currently co-chairing joint training sessions for medical examiners and coroners and organising the second annual medical examiners conference. She is also one of the editors of the first textbook for medical examiners, which will be published in 2022.

In addition to her work on death certification reform, Dr. Lishman is a member of Council of the Royal Veterinary College and chairs their Ethics and Welfare Committee. She has chaired the Scientific Advisory Committee of the charity Bowel Cancer United Kingdom since 2017 and is a trustee of National Enquiry into Patient Outcome and Death (NCEPOD) and the Association for Art History. She has served as a non-executive director of the Medical Protection Society and is on the national Lynch Syndrome Steering group. Dr. Lishman regularly gives talks to schools through “Speakers for Schools” and “Inspiring the Future” and mentors disadvantaged students through the Social Mobility Foundation. She is a regular contributor to several leadership courses, particularly for women.

Dr. Lishman has won several awards: she was nominated one of the top 100 Pathologists of the Power List in 2015 (8, 9) and 2018. In 2018, she also received a CBE for services to pathology. She has an honorary doctorate (DSc) from Swansea University, is an honorary member of the Royal Colleges of Physicians of London, Edinburgh, and Ireland and is an honorary fellow of Girton College, Cambridge. Dr. Lishman was appointed to the David Jenkins memorial Chair in Forensic and Legal Medicine in 2019 and is an honorary fellow of that organisation.



PROF. JOANNE (JO) ELIZABETH MARTIN (2017–2020)

Prof. Jo Martin was born into a modest background, with a stimulating, happy family in Hertfordshire. Her education was supported by a county scholarship to the local girls’ school. She moved to Uppingham School for A levels for the science teaching, and she applied to Cambridge University for Medicine and was accepted. She was the first of her family to go to university. She qualified via Cambridge University and the London Hospital Medical College in 1984 and, following House appointments at Guy’s and then St Thomas’ Hospitals, she returned to the London Hospital to train in pathology. Martin was awarded an MRC Training Fellowship in 1988, an MRC Fellowship in 1990 and Wellcome Trust Advanced Research Training Fellowship in 1991. She gained her MRCPath (as it was then) in 1993. She was awarded a Ph.D at the University of London in 1997 in “The cellular pathology of the lower motor neuron in motor neuron disease,” before becoming established at Queen Mary University of London. She was appointed Clinical Senior Lecturer/Consultant Histopathologist in 1996 and subsequently, Prof. of Neuropathology in 1997 at Queen Mary University of London. She was the only clinician in a major international programme of genetics related to neurodegeneration and neurological disorders, and as part of this designed the “SHIRPA” protocol which has been used in models ever since (10). She has published over 130 papers, including in Nature group and Science journals. She is a practising histopathologist, with a particular expertise in neuromuscular disease of the gut and renal pathology.

Prof. Martin has wide experience of healthcare management and leadership in a range of positions, including Acting Medical Director (January–June 2010), Deputy Medical Director (June 2010–December 2011), Interim Chief Medical Officer (July 2015–January 2016), and Director of Academic Health Sciences at Barts Health NHS Trust. She negotiated the entry of Barts and Queen Mary into UCLPartners, an Academic Health Science partnership, as founding partners. She was Executive lead for both the Clinical Research Network North Thames, and the Collaboration for Leadership in Applied Health Research and Care (CLAHRC) North Thames, involving multiple acute, primary care and third sector organisations and higher education establishments across a very wide complex organisational region. She led education and research across Barts Health NHS Trust, and created App-based training tools for staff, students, patients, and carers, including eCPD which has delivered over 50,000 free modules. She also acquired further degrees at University of London Master’s degree in Leadership (2005), and as part of her involvement in pathology benchmarking, became an Honorary Lecturer in Healthcare Management, Keele University. Additionally, from 2013 to 2016, Prof. Martin was National Clinical Director for Pathology for NHS England.

Prof. Martin was elected the third female President of the Royal College of Pathologists from November 2017 until November 2020 (Figure 3). During her Presidency, she worked across programmes and projects in all the 17 pathology disciplines within the College including genetics, transfusion, digital pathology, data, networks, and with many professional bodies and patient groups. She also visited labs all over the United Kingdom to meet pathologists and learn about their needs and expertise. In particular, she championed expansion of, and support for, workforce, and investment into laboratory information management systems, many of which are obsolete, and roll out of digital pathology. All three of these programmes are now funded and being rolled out, with her support from NHSE/I as National Speciality Advisor, as she Chairs the National Pathology Board and Pathology Workforce Board.
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FIGURE 3. Prof. Jo Martin.


Since March 2021, she has been Director of the Blizard Institute, part of the Whitechapel campus of The Faculty of Medicine and Dentistry of Queen Mary University London and is a world class biomedical research institute that integrates all stages of research from basic science through to clinical studies across a diverse range of fields including genomics, cell biology, translational immunology, neuroscience, and trauma. She has chaired the Research Advisory Board of the Motor Neurone Disease Association since 2018, with involvement in that organisation dating back to 1997. In 2021, she took up post as the Deputy Vice Principal Health at Queen Mary University London.

Finally, Prof. Martin is RCPath lead in a partnership with Health Education England on the innovative Pathology Portal project. The Pathology Portal, to be formally launched in June 2022, will deliver a platform to host high-quality training materials in all pathology disciplines that can be customised to individual needs covering flexible training, return-to-work training, and testing to support learning. The aim is to expand the platform to cover all pathology specialties, providing trainees with an adaptive learning approach, to support development of proficiency in general and specialist areas and to provide flexible and equitable access to content.

For her dedication to Pathology, exceptional service to healthcare, research, and education, Prof. Martin has received numerous awards, including Innovation Trust of the Year NHSIL (2012); Innovation of the Year, Barts Health NHS Trust (2018); she was nominated to be one of the top 100 Pathologists of the Power List in 2018 and was number 3 on this list (11). Her eCPD app won the Education App of the year 2019 at the United Kingdom App awards. She has received the Israel Doniach Lifetime Achievement Award Pathological Society (2018) (12); IBMS Honorary Fellowship (2020; a rare and prestigious honour); Honorary Fellowship of the Royal College of Physicians of Ireland (2020) and Honorary Fellowship of the Faculty of Public Health (2021), in recognition of her work during the COVID pandemic.



SUMMARY

Each of RCPath’s former female Presidents represent inspirational and formidable women, each having differing strengths, contributing in differing ways to Pathology, healthcare, medical teaching, and research, all with steely determination, stamina, and great leadership skills. Their lifepaths were/are ones of commitment and determination, where they have made the absolute best of the “cards they had been dealt” at each stage and have created clearer paths for those following behind them. They are mentors for future generations of women in not only a career in medicine, but one in all areas of life. In the Box 1 below is a quote from each of them, which may provide guidance for future generations.


Box 1. Citations from RCPath’s former female Presidents.

Prof. Dame Barbara Clayton: “I usually get my own way when I want it.”

Dr. Suzy Lishman CBE: “If you see an inspirational person who’s done what you hope to do, ask if they’ll be your mentor. Don’t be afraid to ask – people are generally pleased to share their experience to help others.”

Prof. Jo Martin: “Do whatever you can to make it better – we can all make a positive difference.”



As part of the College’s 60th Birthday year, we celebrate what Clayton, Lishman, and Martin have achieved as Leaders and what they have contributed to this speciality.
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Neuroendocrine breast cancer (NEBC) is a rare entity accounting for <0.1% of all breast carcinomas and <0.1% of all neuroendocrine carcinomas. In most cases treatment strategies in NEBC are empirical in absence of prospective trial data on NEBC cohorts. Herein, we present two case reports diagnosed with anaplastic and small cell NEBC. After initial therapies failed, comprehensive tumor profiling was applied, leading to individualized treatment options for both patients. In both patients, targetable alterations of the PI3K/AKT/mTOR pathway were found, including a PIK3CA mutation itself and an STK11 mutation that negatively regulates the mTOR complex. The epicrisis of the two patients exemplifies how to manage rare and difficult to treat cancers and how new diagnostic tools contribute to medical management.

Keywords: extensive tumor profiling, rare cancer therapy, primary endocrine breast cancer, personalized treatment, targeted therapies


INTRODUCTION

Primary neuroendocrine breast cancer (NEBC) comprises a heterogeneous group of tumors with a low incidence (0.1%) among all breast cancer subtypes (1). In the literature, NEBCs are generally associated with poor long-term survival and with rapid resistance development (1–3). Therapeutic guidelines have not been established to date. The diagnosis of NEBC is often challenging as other neuroendocrine tumors, but also lung, gastrointestinal, and pancreatic cancers, need to be excluded (4, 5).

Currently, surgical intervention is the mainstay of the therapeutic approach (5, 6).

Treatment strategies are chosen dependent on Classification of Malignant Tumors (TNM) status, aggressiveness, age, general condition, and comorbidities of the patient (7). If (neo-)adjuvant chemotherapy is necessary, NEBC is being treated either analog to adenocarcinomas of the breast or SCLC (8, 9). Previously, Ki67 was used as a decision tool in NEBC; Ki67 <15% led to a breast cancer analog therapy, i > 15% of the therapy was orientated to SCLC/neuroendocrine treatment (7). Promising results were seen when a combination of surgery, radiotherapy, and chemotherapy was applied (6).

There are no guidelines for staging and therapy in the metastatic setting, leaving the treating oncologist to opt for suitable systemic treatments (10, 11).

The development of molecular tumor profiling in recent years increasingly provides the opportunity for the use of targeted therapies, taking into account the involved activation and inhibition of the signal transduction pathways (12–14). This tool is particularly useful for rare tumors without existing therapy guidelines and for tumors that are refractory to therapy.

We want to illustrate the diagnostic and therapeutic challenges presenting the epicrisis of two patients diagnosed with NEBC in these above-mentioned situations.



PATIENT 1

The first patient was a 67-year-old female (Figure 1), who had a primary NEBC of the small cell subtype confirmed by histopathology. The definitive tumor stage was pT2, pN1a, L1, V0, G3, and Ki67 at 60%. She underwent modified radical mastectomy with axillary dissection and adjuvant administration of six cycles of Carboplatin and Etoposide, followed by radiotherapy. There was no indication for radiotherapy of the neurocranium as performed in SCLC.


[image: Figure 1]
FIGURE 1. Timeline of patient 1.


Two years later, pronounced bilateral pleural metastasis without effusion was detected and one brain metastasis on the left occipital side was surgically removed. Both are related to the previously described NEBC. Considering micrometastases of the brain, the patient received Topotecan.

Further brain metastases, progressive lung metastasis with effusion, and metastatic spread to bone and thyroid gland were discovered by MRI 2 months afterward during ongoing chemotherapy.

Consequently, tumor profiling was performed with the exacta® test using peripheral blood to detect genetic alterations by NGS, targetable markers by immunocytochemistry staining, pharmacogenetics of tumor specific medication, and chemotherapy sensitivity testing using circulating tumor associated cells (Table 1) (15–17).


Table 1. Main results of the tumor profiling.
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PATIENT 2

The second 51-year-old female patient suffered from an NEBC anaplastic large cell subtype (Figure 2). After breast-conserving therapy and sentinel lymphonodectomy, the definitive tumor stage was pT2, pN0, G3, Ki 67 40%, L0, V0, Pn0, ER 30%, PR neg, and Her2/neu neg. In the adjuvant setting, carboplatin and etoposide were applied with extremely poor clinical tolerability. Shortly after completion of adjuvant radiotherapy, hepatic filiae appeared in the right liver lobe. The planned atypical liver resection was rejected, because of intraoperatively detected diffuse spread into the left lobe.


[image: Figure 2]
FIGURE 2. Timeline of Patient 2.


Histopathologic confirmation revealed highly proliferating liver metastasis with a Ki67 of 80%, poorly differentiated, associated with the known NEBC.

Tumor profiling was performed using exacta® analysis this time based on a tumor biopsy together with a blood sample (Table 1). Simultaneous to this analysis, a diffuse bone metastasis with infiltration of the spinal canal with corresponding clinical signs was observed and radiotherapy was applied.



DISCUSSION

The reported aggressive scenario in both patients is consistent with high grading and high proliferation index (Ki67 > 60%). The initial chemotherapies failed and raised the question of novel therapeutic strategies. Dotatate-based PET-CT as an experimental diagnostic and therapeutic alternative was rejected (18). Both cases required the use of newly available diagnostic tools like NGS considering that recommendations for genomic alterations in specific tumor types exist, but not in NEBC or other neuroendocrine tumors (NET). At no stage, guidelines or clinical trials were available, only the individual approach was left.

In the case of the first patient, exacta® revealed an activating mutation of PIK3CA p.E545K, which is one of the most mutated genes and has been found to play a crucial role in several cancer types, but information about the incidence in NEBC is inconsistent in the literature (19–21). The PI3K/AKT/mTOR pathway is highly important for proliferation, migration, and cell survival and alterations are quite frequent in other NETs (22). The mutation, therefore, suggested a therapeutic benefit from mTOR and PIK3CA inhibition. Due to extended metastasis (pleura, neurocranium, and bone) and high Ki67, Gemcitabine and Oxaliplatin were added based on the chemosensitivity result to the mTOR inhibitor Temsirolimus (16, 23). Even though the therapy was tailored to individual tumor characteristics, the patient progressed, developing new pulmonary metastasis and lymphangitis, as well as pronounced pleural effusion. No response was seen despite molecular genetic evidence, together with an upregulation at the messenger RNA (mRNA) level of AKT, an important activator of mTOR, thus, suggesting a potential benefit from mTOR inhibitors. Resistance mechanisms to mTOR inhibitors, for example, caused by disruption of the negative feedback loop between SGK1 and PI3K signaling, followed by AKT activation, could explain treatment failure (24–26). Furthermore, RHEB (RAS homolog enriched in brain) as an mTOR activator was downregulated, together with mTOR downstream activating pathway components, like eIF4B (eukaryotic initiation factor 4B) and S6 (ribosomal subunit S6 = RPS6) (27, 28).

In this case, activation of mTOR seemed to have a lesser impact concerning tumor cell proliferation. Subsequently, she underwent pleurodesis on both sides. TROP2 overexpression relating to Sacituzumab-Govitecan (29, 30), or biomarkers for immune checkpoint inhibitors, were not observed.

Since NGS revealed PIK3CA as the only targetable alteration and AKT together with transcription factors, such as BCL2 were upregulated, it appeared that the proliferation promoting influence was not triggered via the mTOR pathway. The therapy was focused on the PIK3CA mutation, again (Figure 3). We evaluated intrinsic resistance factors for PIK3CA inhibitors, no PTEN loss nor amplification of FGFR1 could be detected (25, 31).
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FIGURE 3. Simplified PIK3/AKT/mTOR pathway and interactions with STK11 and p53. The left shows a wild-type cell, the right cell displays how STK11 and p53 loss of function leads to extensive proliferation/cell survival and cell growth, because of the missing negative feedbacks and activations.


The analysis of the PI3K pathway, including the peripheral effector components involved at the molecular and mRNA levels, indicated that the use of the PI3K inhibitor Alpelisib would not suffice to inhibit the complete PI3K/AKT pathway. This assumption is supported by the fact that important components of tumor metabolism like PEPCK (phosphoenol-pyruvate- carboxykinase), cell cycle progression like CDK20, Myc, and factors of cell survival like Mcl1, Bim were not upregulated. In addition, IRS family member 4, which constitutively hyperactivates the PI3K/AKT pathway, was downregulated on the mRNA level. Components of the cross-linked oncogenic pathway, such as Rat Sarcoma Virus (RAS), were not upregulated, therefore, inhibition of this pathway did not appear promising (32). To address this issue and to take into account the high proliferation rate, a cytostatic agent was administered in analogy to the study NCT04215003, together with Alpelisib.

For the first time, a remarkable therapeutic effect was observed. From ECOG II, the patient changed toward ECOG 0 within 3 weeks, also because oxygenation improved from 57 to 70 mm/Hg. Sonographically, the effusion was not traceable anymore. Seven weeks later she suffered from an etiologically unclear thoracic pain event and died.

The second patient presented herself with hepatic progress shortly after completing adjuvant therapies. Tumor profiling was performed based on a liver biopsy together with a blood sample. An STK11p.Y131* mutation with clinical relevance was found. STK11/LKB1 mutations are reported in neuroendocrine tumors, such as large cell subtypes (33–35), but rare in breast cancers with an incidence of 0,2–1,0 % (35). STK11 alterations are associated with a lack of PDL1 expression, and the patient had a low TMB. Being MSI stable, no efficacy of checkpoint inhibitors was predicted (29).

The detected STK11mutation is considered to be a loss-of-function mutation resulting in activation of mTOR, as it is additionally induced by the detected p53 alteration (Figure 3). Functional loss of p53 activity can contribute to higher activities of the PI3K/AKT/mTOR pathways (36, 37).

To evaluate further the mTOR effect, we investigated additional peripheral effectors at the mRNA level.

Due to STK11 loss, the mTOR activation was most likely triggered via S6K1/2 (ribosomal S6 protein kinase 1/2), which was partially upregulated, stimulating proliferation by eIF4B and S6. Consequently, we applied the mTOR inhibitor, Everolimus, in this situation (35, 38–40).

Everolimus, itself, is approved by the Food and Drug Administration (FDA) for hormone receptor-positive and Her2 negative breast cancer. It is also the standard of care for NETs in National Comprehensive Cancer Network (NCCN) guidelines (41).

But mTOR inhibition as monotherapy based on allosteric inhibitors of mTORC1, like Everolimus, may lead to decreased therapeutic efficacy due to several resistance mechanisms: this could be incomplete inhibition of mTORC1, suppression of negative feedback loops, for example via increased IRS 1, which activates PI3K/AKT, ERK pathway activation, just to mention only a few of resistance factors (22, 25, 42). There is evidence of potential synergism with angiogenetic inhibitors. Taking into account the presence of upregulation of VEGFA and HIF-alpha-pathway, Bevacizumab was added to Everolimus (43–45).

Due to the highly proliferating disease and extent of metastasis, Capecitabine was administered in accordance with the test results (46). This is not surprising as Capecitabine is the standard of care to treat breast cancer, it is also mentioned in German guidelines for colorectal NETs or of NETs pancreatic origin. The therapy combination of Everolimus, Bevacizumab, and Capecitabine was well-tolerated. Imaging showed partial remission for 3 months. Then, the tumor progressed dramatically, and the patient died soon due to liver insufficiency.



CONCLUSION

To date, molecular profiling is used especially in breast, lung, colorectal, prostate, and gastric cancer (47). Here we demonstrate two patients with a rare tumor entity as a role models to illustrate the benefit to which a broader molecular tumor profiling can offer a significant contribution not only to diagnosis but also to the therapeutic regime.

Therapy-relevant mutations were uncovered, analyzing numerous tumor-relevant genes (>400) and pharmacogenomics. Specifically, the intelligent combination of immunocytochemistry/-histochemistry, chemosensitivity testing on tumor cells, DNA alterations, and expression profiles, could be detected and delivered valuable insights to tailor therapy.

Hence the rate of ineffective and cost-intensive therapies can be diminished and will improve the already available personalized, targeted therapies. Currently, application of solitary genetic testing delivers advantages only to a minority of patients (48–50). The first basket trials especially like the SHIVA trial largely failed because molecular filters were applied (48). Newer trials like the RESILIENT trial had beneficial outcomes even in late-stage patients with several previous therapies applying enhanced molecular analysis comprising also cytological features and other cancer characteristics (15).

Promising new options are especially needed for rare tumor entities, exemplified by NEBC, which remains a major diagnostic and therapeutic challenge today. From the start, there are numerous pitfalls in diagnosing NEBC, because it is itself a heterogeneous group of tumors. The rarity of this tumor type makes it imperative to apply sensitive diagnostic tools for effective treatment options.

It is also important for patients, for whom empirical therapy showed no efficiency and potential therapies based on tumor-specific profiles, respecting possible resistance mechanisms are explored. Viewed in isolation, not only the targets may be considered for the choice of therapy, but, if possible, the context of the whole pathway network together with other biomarkers too.

Questions that we need to ask, is whether the therapeutic effect justified the application of comprehensive tools in these cases. In both heavily pre-treated patients, actionable targets were discovered together with findings from ICC, chemosensitivity, and pathway modeling leading to a treatment that was well-tolerated and an improvement in the overall situation. However, both patients suffered from a highly aggressive subtype and were already in the metastatic situation where curative treatment is virtually not possible and the effects of the treatment did not last longer than a few months. Especially in rare cancers, where the prognosis is worse from the start, we should think about using tailored therapies based on comprehensive tumor characteristics earlier, because, only then, can we know whether this approach will provide a benefit. Trials to combine several rare cancer types and extensive profiling could hold the key to a successful treatment.
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Digital pathology (DP) offers potential for time efficiency gains over an analog workflow however, to date, evidence supporting this claim is relatively lacking. Studies available concentrate on specific workflow points such as diagnostic reporting time, rather than overall efficiencies in slide logistics that might be expected. This is in part a result of the complexity and variation in analog working, and the challenge therefore in capturing this. We have utilized RFID technology to conduct a novel study capturing the movement of diagnostic cases within the analog pathway in a large teaching hospital setting, thus providing benchmark data for potential efficiency gains with DP. This technology overcomes the need to manually record data items and has facilitated the capture of both the physical journey of a case and the time associated with relevant components of the analog pathway predicted to be redundant in the digital setting. RFID tracking of 1,173 surgical pathology cases and over 30 staff in an analog cellular pathology workflow illustrates the complexity of the physical movement of slides within the department, which impacts on case traceability within the system. Detailed analysis of over 400 case journeys highlights redundant periods created by batching of slides at workflow points, including potentially 2–3 h for a case to become available for reporting after release from the lab, and variable lag-times prior to collection for reporting, and provides an illustration of patterns of lab and pathologist working within the analog setting. This study supports the challenge in evidencing efficiency gains to be anticipated with DP in the context of the variation and complexity of the analog pathway, but also evidences the efficiency gains that may be expected through a greater understanding of patterns of working and movement of cases. Such data may benefit other departments building a business case for DP.

KEYWORDS
  digital pathology, workflow, efficiency, time, analog, cost, radiofrequency identification (RFID), surgical pathology


Introduction

Digital pathology (DP) has taken center stage in the last few years within the setting of diagnostic pathology, and whilst to date only small numbers of laboratories worldwide have undergone a complete transition to DP for surgical pathology reporting, there are increasing numbers of departments embarking on the journey. The potential and actual benefits of adoption of DP are well-documented (1, 2); the promised utility of DP within diagnostic cellular pathology/surgical pathology services is many-fold (3), and includes the potential for time efficiency gains seen from a digital workflow as compared with the traditional “analog” workflow of glass slide microscopy. However, to date the evidence to support adoption of DP has necessarily been focused on proof of non-inferiority of digital diagnosis compared with traditional glass slides, with multiple large validation studies supporting the safety and quality aspects of DP for clinical diagnosis (4). Given the upfront financial investment needed to implement a DP set-up, the predicted cost-efficiencies associated with such gains become important within business cases put before funding bodies (3, 5, 6). Whilst generally it is claimed that DP is more time efficient and therefore has the potential to be more cost-efficient, much of the literature on this matter is subjective; there are very few published studies reporting on actual time efficiency or cost-benefit analyses of implementing DP and these parameters are difficult to capture and to compare due to inherent complexity of cellular pathology workflows, variability across centers and largely manual processes.

A report from a center in Granada, Spain (7) that has become fully digital, claims that since making the transition the pathologists are able to report on average 21% more cases per year. The detail of what facilitated this increase in productivity is not outlined in detail, but it would likely be related to more than just a change in the modality of reporting from glass to digital, and more a reflection of efficiency savings at multiple points within the journey of a case through the diagnostic laboratory. Few authors have attempted to break down the workflow pathway to analyze this in detail, and this is not surprising given its complexity. Ho et al. (8) sought to use contextual inquiry to gain an understanding of the complexities of the specimen journey, highlighting the concepts important to a pathologist within an analog workflow that would need to be considered during the development and transition to DP, in terms of how a pathologist approaches a case and progresses the case toward a diagnosis. This method was based upon observation of pathologists during a routine “sign-out service”, during which time notes were made of activities performed in order to construct affinity diagrams and graphical models of aspects of the work process, and served to illustrate inefficiencies in the analog workflow within the “pathologist role” including technical interruptions, deficiencies of data needed to complete a case, and inefficiencies of manual interpretation of diagnostic parameters such as mitotic counts. However, this study did not investigate the wider analog workflow.

Reports in the literature which detail the impact on laboratory/diagnostic workflow associated with the adoption of diagnostic DP are mainly descriptive texts around the “journey” to DP (7, 9–14). There are a few studies which include data on the impact of DP on pathologist reporting times (analog vs. DP) (15, 16) or more broadly on the “value-added” potential of digital pathology, by way of its impact on operational measures such as cost, time, service quality (17). Whilst some authors claim that actual diagnostic reporting time for a pathologist is equivalent or even reduced on the digital platform (15), a recently reported comprehensive equivalency and efficiency study set within the clinical workflow (16), concluded that DP was associated with a median overall 19% decrease in efficiency per case compared with glass. However, these studies looked only at reporting time for a case, rather than comparison of time within the entire workflow, and as acknowledged by the authors of the latter study, time savings elsewhere within the workflow may offset the apparent increase they demonstrated in turnaround time associated with digitally reporting a case, again underscoring the complexity of capturing what an efficiency saving is.

There are only a handful of studies which have been dedicated to analyzing and/or evidencing the differences that may be expected between analog (glass slide-based) and digital pathology pathologist working in terms of aspects of the diagnostic workflow (18–21). For example, the time in motion study (18) detailed the components of the pathway analyzed within the lab (case entry and case assembly time) and the separate analysis of the components undertaken by the pathologist, which were broken down into slide review, reporting (i.e., report writing), workflow-related, and other. This study highlighted the potential for a 13.4% saving in pathologist time related to workflow factors which would be expected to be negated in a digital setting. This figure of 13.4% potential time efficiency saving has been quite frequently quoted within the literature related to “benefits of DP” and has been translated by the same group to provide a figure for potential increase in pathologist productivity (19).

It is recognized that the analog workflow is inherently inefficient, with numerous “stop points” which would potentially disappear within a digital workstream, and these studies to date highlight at least some of these inefficiencies, although none with an overview of the entire relevant workflow. However, as finances within healthcare are increasingly scrutinized, further evidence around aspects of the analog workflow that will be altered or removed with the transition to DP, in a variety of laboratory settings, will be important for business cases going forward and this must be balanced against steps that will be added with DP such as cleaning of slides, loading slides into scanners and the time slides spend in scanners—waiting to be scanned, the scanning process (which in modern scanners is brief) and waiting to be unloaded.

We designed a novel study utilizing radiofrequency identification (RFID) technology to track the movement of surgical cases and personnel within a Cellular Pathology department over a set period of time, to analyze specific aspects of the workflow that we predicted could be at least partly negated in the move from an analog to a digital workflow. Through the unrestricted capture and analysis of both the physical movement of the slides and of personnel, and the duration of time for specific components of the workflow, we illustrate the complexity of the analog pathway and highlight areas of potential for efficiency savings and other significant gains in the digital workflow.



Methods


The study setting

The study was set in a large academic teaching hospital Cellular Pathology Department in 2019 prior to implementation of a fully digital pathology workflow for all surgical histology and referral cases which was completed in 2020 (13). The throughput is ~340,000 surgical histology and immunohistochemistry slides per year, together with 4,100 extra-large slides, and 40,000 referral slides. With 29 consultant histopathologists, 2 specialty doctors, and 9 trainees we operate a specialized service divided into 11 subspecialties, including pediatric pathology (but excluding neuropathology and soft tissue/bone pathology which are served within other laboratories). There is pathology support for 28 multidisciplinary team (MDT) meetings. The departmental footprint is that of a laboratory in one area, but with consultant and other offices geographically spread across the hospital site.

The study was designed to analyze the post-laboratory (pathologist focused) journey of the glass slide from the lab, to the pathologist for reporting, and eventually back to storage/filing, and the associated movement of personnel. The rationale behind this was the anticipated shift in slide logistics with DP; we hypothesized that this part of the glass slide journey would be effectively removed with a digital workflow, as most glass slides would then need only to go from the automated H&E stainer to the “sign-out” bench in the lab, to the scanner, and then to be stored/filed whereas the laboratory processes with the exception of slide scanning would remain largely unchanged.

The study was conducted as a service evaluation audit of current practice without the need for ethics committee approval. Signed consent was sought from personnel within the department for their participation in the study related to the use of anonymized data and potential photographic images.



The RFID technology

Radiofrequency identification (RFID) technology uses electromagnetic fields to identify and track tags which can be embedded within an object. This negates the need for the object to be moved within the field of sight of a reader as would be necessary for a barcode, thus allowing the technology to be more discretely integrated with minimal impact on the system, in this case the laboratory workflow, being analyzed.

The use of RFID technology in healthcare is not new, with RFID technology deployed in a variety of settings such as the tracking of medical equipment/assets, tracking and managing drugs and patients, and tracking of blood supplies (22). Within pathology departments RFID technology has been utilized in recent years for quality improvement; to track pathology specimens and to ensure accurate patient identification (23–25). The technology for this study was therefore proven within the setting of a pathology laboratory, but within the literature to date had not been utilized specifically for analysis of time points within a pathology specimen workflow. The technology was selected for the ability to collect the complexity of data needed to track workflow in a cellular pathology laboratory.



Pre-study planning
 
Analysis of the workflow

The first step in the study was to gain a clear understanding of the analog laboratory workflow. This was necessary in order to decide; (i) which aspects of the workflow would be tracked, and (ii) how these would be tracked in an effective way with minimal disruption to both workflow and staff in a busy department.

We undertook a process mapping exercise to detail the journey of a surgical case from the laboratory to the pathologist and back to filing following provision of a histology report, and in so doing were able to identify a start and end point which would be consistent within both the analog and digital workflow, with the other steps in the process predicted to effectively disappear following this transition (Figure 1). The study would track the components that would be most significantly impacted by the transition from analog to digital working, both in terms of movement of cases (“assets”) and personnel.


[image: Figure 1]
FIGURE 1
 Process map for the laboratory workflow for a case from the point at which it is ready for pathology review to the return of the case for archiving following provision of a histology report. The analog workflow is on the right (solid arrows) and the predicted digital workflow is on the left (broken arrows). Start point (green) and end point (red) are the same for the analog and digital workflow. MDT, multidisciplinary team. Pigeon hole (PH) is the collection point for a diagnostic case by a pathologist, each having their own designated PH.


Optimal placement of the RFID readers was decided primarily on the basis of the workflow, although adjustments were necessary to minimize impact on the workflow itself, and to ensure technological success. Readers were placed at specific physical points which could be translated into an equivalent workflow point; at the start and end points of the workflow within the lab (the “sign-out” bench and “filing final”, respectively) and then at points which would register specific tasks; the pigeon holes (PH) from where pathologists collected their cases, the secretarial office to track movement related to case distribution for teams operating a “pooled” system of cases and for case movement related to multidisciplinary team (MDT) meetings, at pass points for pathologists as they relocated with the cases to their offices, the filing bench for return of reported cases by the PHs, and the final filing station within the lab from where slides would be archived. Slides are temporarily piled at the “filing pile” by the PH until they are relocated in batches by the laboratory technicians to the “filing final” bench within the lab from where they are returned to the archive.



The RFID equipment set-up

For the study we utilized a passive ultrahigh frequency (UHF) RFID system, with RFID tags for the tracking of cases, and RFID tags embedded in badges to be worn by personnel. Readers were installed for tracking of tags and for processing of the data and transmission to the data hub.

The RFID tags were individually attached to cardboard slide trays holding a surgical case—one case per tray in order to track movement of individual cases effectively. These trays were further identified with green labels in order that those handling the case (biomedical scientists, secretaries, pathologists) would be prompted to “register” the case on the desktop for specified fixed RFID tag readers (Figures 2A,B).
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FIGURE 2
 RFID tags attached to individual slide trays (A), each tray designated for a single case. Tags could be detected by the RFID reader even when within piles of trays (B). The position of the table top RFID reader (under the bench, see C) was indicated to the biomedical scientists by the placement of tape, within the bounds of which the tray was placed in order to “register” it (D). This set up was present at the start and end point of the study at the sign-out bench and the filing final, respectively. Placement of RFID readers was on the basis of the process mapping of the workflow. The reader in D is that by the pigeon hole doors, placed to capture the movement of cases from the laboratory to the pigeon holes which was the point at which they were available to the pathologist. RFID, radiofrequency identification.


The RFID readers were either free-standing (Impinj, Seattle WA USA, Speedway xPortal™ Integrated Portal Reader) to detect movement of a case or personnel, or designed to be placed under a desktop (Impinj, CS-777 Brickyard™ Near-Field Antenna) to read tags associated with slide trays/cases placed onto a worksurface (Figures 2C,D). Placement of the RFID readers was based upon the understanding of the workflow. A period of testing ensured operability of the system (tracking of cases and transmission of the data to the hub), and importantly it ensured that the system was acceptable to users with minimal impact on the process being analyzed, and that there was no interference from the RFID system on laboratory equipment, such as temperature monitoring devices for refrigerators/freezers. Readers were placed at the start point where cases leave the lab from the sign out bench (in batches), at the doors at the end of the lab through which cases pass before they are distributed into the PH for collection by pathologists (designated PH doors), at several pass points within corridors and doors through which it was predicted that pathologists pass whilst transporting cases back to their workstations (offices) for review and reporting, at the filing pile by the PH where reported cases are routinely returned and are then batched and transported to the final filing bench back in the laboratory (Figure 3). The critical placement of the readers to ensure that they detected tags on cases at a specific workflow point and were not detecting tags of cases at another workflow point, meant that in areas it was necessary to use surrogate locations for the readers (Supplementary Figure 1).
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FIGURE 3
 The “real-life” analog laboratory workflow which will effectively disappear with the transition to digital pathology. The cases leave the lab from the sign out bench (A) in batches, passing through the doors at the end of the lab (PH doors, B, see also Figure 2D) to be distributed into the PH (C) for collection by pathologists. Pathologists transport cases back to their workstations (offices) for review and reporting (D), and then batch the cases prior to returning them to the filing bench (filing pile, E) from where they are collected several times daily and taken for filing at the “filing final” bench back in the laboratory (F). The position of RFID readers in the images is indicated by the arrows. PH, pigeon holes.


The RFID tags did not encode any patient identifiable data, and the RFID badges worn by personnel were anonymous; color-coded to the role of the wearer (lab technician vs. administrative staff vs. pathologist) and identified only by a number on the reverse.

The RFID data capture software (AUCXIS, Stekene Belgium, P-track) was installed on a laptop and this communicated with a database service (R-Connect). The RFID readers communicated over Wi-Fi with the R-Connect service through an access point. P-Track then visualized the raw data by means of a graphical user interface, providing the following output: (Time)—(EPC tag data)—(Tag Type) (Staff Badge or Tray Label) and (Reader Name) (location).



Case selection

We conducted the study over two separate time periods (study one = 21 days, 28 January to 17 February 2019, study two = 24 days, 4–27 March 2019) to allow sufficient time for most cases to follow the analog pathway (Figure 1), i.e., to leave the lab, undergo pathology review and reporting, and be returned to slide filing, allowing also for time for diversion from this pathway for example for MDT meeting review, second opinion, teaching.

The RFID labels were applied to slide trays for consecutive cases leaving the lab within the pathology specialties taking part in the study; urological pathology and gastrointestinal pathology (study 1), and breast pathology and dermatopathology (study 2). These specialties were selected due to; (i) the high-throughput of cases and turnaround times not impacted on for example by frequent requirements for ancillary tests associated with long lag-times such as molecular, and (ii) for specific workflow considerations such as the inclusion of the collation of cases in a pile in the secretarial office for the urology MDT meeting, or specialties operating a pooled system whereby biopsy cases were collected by a member of the secretarial staff once they had left the lab and then distributed evenly across pathologists within a specialty team, before being placed into the reporting pathologist's PH. These specialty-specific features would demonstrate the wider aspects of the analog workflow which would be transformed following transition to DP.





Results


Study 1—Gastrointestinal pathology and urological pathology case workflow

There were 695 tagged cases for this study period which included focus on two specific workflow aspects which will not exist in a digital workflow;

• For one specialty the movement of biopsy cases from a “pool” by a secretary from the collection point at the PHs to their desk (in batches) for redistribution of the cases amongst the consultant team, and then placement back in the relevant consultant PH.

• The collation of cases for an MDT (urology)—cases piled at a specific location in the secretarial office which would be included in the weekly MDT meeting list for discussion, and then returned after the MDT to the filing pile (and thence to filing final/archive).

The trace data from this study period clearly demonstrates the complexity of the pathway that a diagnostic case takes from the time it leaves the lab (via the PH doors) for diagnostic reporting to the time at which it is returned to filing. Figure 4A shows the numbers of cases logged at various workflow points and the route of a case between these workflow points. Specific workflow points of interest were those associated with the “reallocation of cases” amongst a specialty team, and the movement of a case to and from a “pile” for an MDT, and there were 74 and 35 readings at these workflow points, respectively. The detailed analysis revealed that of the 695 tagged cases, 93 cases (13%) had been traced from the start of the analog journey at the sign-out bench in the lab to the end point at the “filing final” point, with 9% of the cases being traced from sign-out bench to “pathologist” to “filing final”. Whilst it is highly likely that a small proportion remained within the workflow at the end of the study period, particularly urological pathology cases which had been diverted to the pile of cases for the MDT meeting, it became apparent that technical tracking of tags was not optimal. This resulted in some traces not being complete and which was addressed prior to commencement of study period 2. The data from study 1 was then used to scope out the landscape of complexity of the pathway within the analog setting and inform subsequent analyses of the study 2 captured traces.
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FIGURE 4
 Diagrams showing the tracking of cases during the study period, with the number of cases following each pathway and being registered at each workflow point as shown, some being registered more than once at each point. (A) Study period 1 (695 cases). The movement of cases from the PH to the secretary for redistribution amongst a specialty team of pathologists, and then back to the PH for collection by a pathologist is shown (74 reads), as well as the movement of cases to the MDT pile for collation for the weekly meeting (35 reads), with 20 being returned to filing during the study period. (B) Study period 2 (478 cases). PH, pigeon holes; MDT, multidisciplinary team.




Study 2—Breast pathology and dermatopathology case workflow

Following study 1 the positioning of the RFID detectors was revised to ensure better data capture. There were 478 traced cases for this second study period. As for study 1, the workflow points captured by the RFID tags are illustrative of the complexity of the journey of a case (Figure 4B). In fact, there were 113 unique trace patterns identified which recorded different patterns of physical movement of a case through the workflow. The most common trace pattern was sign out bench—PH doors—filing pile—filing final (59 traces). A proportion of the cases did not complete the analog “journey” during the study period, as would be expected, or showed traces with an illogical sequence such as filing final as the first timestamp. In total, 33 traces were completely excluded from further analysis. There were 445 traces remaining, however given that a timestamp had not been registered at each of the workflow points for all traces they were analyzed individually to determine which timestamps were available and thus which data could be analyzed from each trace. The breakdown of trace analysis is given in Supplementary Figure 2.

For the analyses, the timestamp at the PH doors was used as a surrogate for availability of a case in the pathologist's PH for reporting; batching of cases at the sign out bench following the quality check meant that this (sign out bench) timestamp was not a reliable indicator of readiness for reporting.

Timestamps have been analyzed to determine aspects of the analog pathway that will be significantly impacted by a transition to DP, principally around time taken for a case that is ready to leave the lab to actually be available for a pathologist to report, and the time that a case remains out of the laboratory within the workflow and therefore potentially untraceable, as follows:

1. Sign out bench to PH doors

2. PH doors to pathologist

3. Sign out bench to return of case to filing pile

4. Sign out bench to return of case to filing final

5. Pathologist to return of case to filing final

6. Filing pile to filing final

The time data for workflow points 1, 3, 4, and 6 is presented in Table 1, with the more detailed analyses to include the “pathologist” timepoints (points 2 and 5) presented separately below.


TABLE 1 Time taken between specified workflow points in the analog pathway.
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Time taken for a case to become available for reporting (sign out bench to PH doors)

Once a case has been quality checked and is ready to leave the lab for reporting, it is batched at the sign out bench, and taken with other cases from the lab to be distributed within the PH. This activity is done in batches to make it time efficient within the analog pathway.

From Table 1 it can be seen that the median time a case would “wait” at the sign out bench was 5.5 min, and the mean time around an hour, however depending upon the time of day some cases would “wait” overnight to be delivered to the PH for reporting, with the longest delay being 40 h. Analysis of the timestamps for when cases were made available to pathologists (PH doors) is presented in Figure 5A. Whilst there is a spread of times that cases leave the lab during the day, it is seen that 45% of cases (125 of 280 with relevant traces) leave the lab before 14:00, although with few leaving the lab before 10:00, and that there is a peak between 15:00 and 18:00 when almost 50% of the cases leave the lab (138 of 280 cases). This is not unexpected given the pre-analytical laboratory steps for a case subsequent to routine overnight tissue processing (including block cutting, H&E staining, cover-slipping, slide labeling); tasks usually completed in the morning. It is noteworthy though that a third of cases left the lab after 16:00.


[image: Figure 5]
FIGURE 5
 (A) Shows the distribution of times that diagnostic cases leave the lab via the pigeon hole doors at which point they are available for a pathologist to collect and report (n = 280 cases). (B,C) Show analysis limited to the traces with both PH doors and pathologist timestamps (n = 59 cases). (B) Shows the correlation of times that cases leave the lab and the times that pathologists collect cases (cases collected on day 1 or 2 only, n = 50). (C) Shows the time distribution of cases leaving the lab which were collected by pathologists on day 1 (same day, n = 41).




Time taken for a case to reach a pathologist (PH doors to pathologist)

There were 59 traces with the pathologist timestamp in the workflow which provided data to illustrate when cases were collected for reporting, and a means to demonstrate patterns in the way in which a pathologist works within the analog pathway (see also Supplementary material).

Sixty-nine percent of the cases (41 of 59) were collected by a pathologist on the same day that they left the lab, and by the end of day 2, 85% of cases had been collected (50 of 59). The remaining 15% were collected on or after day 3, with the longest interval until collection of a case being 8 days. The lag time for the 15% of cases not collected on day 1 or 2 will include weekends and potentially other days a pathologist was not available, due for example to less than fulltime working.

In terms of length of time taken for the cases to be collected by a pathologist after leaving the lab (for 59 cases), the range was 0–9,594 min (day 8), with a mean of 1,199 min (~20 h) and a median of 125 min. Restricting the analysis to cases collected on day 1 (41 cases), the range was 0–1,320 min, with a mean of 118 min and a median of 79 min.

Figure 5B illustrates that there is a pattern to the time of day that pathologists appear to collect cases for reporting. Overall, of cases leaving the lab after 15:00 (n = 29), 15 (52%) are collected on day 1 but a further 8 (28%) are not collected until day 2, or later (20%). For cases collected on the same day as they have been made available from the lab (day 1), the peak time for cases to be collected by pathologists is between 14:00 and 18:00 (32 cases, 78%), with 22 cases (54%) being collected after 16:00 (Figure 5C). This appears to indicate that generally there is a lag of a couple of hours between the peak time at which cases are made available, and the time at which cases are collected. If this pattern holds true across all of the cases leaving the lab, then given that we have seen that a third of cases leave the lab after 16:00 it could be estimated that overall around 15% of cases per day will not be collected for diagnostic reporting until the following day if they are not “ready” from the lab for collection in the PH by 16:00.



Time that a case remains out of the laboratory within the diagnostic workflow (sign out bench to return to filing)

The analysis of time that a case has spent in different parts of the workflow provides additional detail in relation to time that a case is effectively “out of circulation”; periods during which the case would potentially be difficult to locate within the department should it be needed.

From analysis of the relevant trace data (Supplementary Figure 2) it is seen that once a case has left the lab (sign out bench), the average time before it is returned to the final filing point for archiving is 7,135 min (almost 5 days), with the shortest period being 214 min, and the longest period recorded being 27,048 min (almost 19 days, Table 1). This time period partly reflects turnaround time for a case for generation of a diagnostic report, and we have not specifically collected data on this for the purpose of this study, however it will also include time periods for which the cases have been diverted from the pathway for an MDT meeting, or for activities such as teaching. It is recognized that pathologists also tend to batch cases for return to limit the number of trips to the lab, and indeed the times of day that cases are logged back at the filing pile for archiving show similarity to the times at which cases are made available for collection by pathologists (Figure 6A) indicating perhaps an attempt by pathologists to optimize time efficiency by returning reported cases when new cases are collected.


[image: Figure 6]
FIGURE 6
 (A) Illustrates the times that cases leave the lab to become available for collection from the PH for reporting alongside the times that cases are returned to the lab for filing. (B) Shows the correlation between time of day a case arrives for filing, and the day that it reaches filing final, for cases filed on day 1 (same day) or 2 (data presented only for those cases with a pathologist in the trace). PH, pigeon hole.




Time taken for a case to reach the final filing station after it is returned to the lab

The onward return of the cases to filing final for archiving is an additional workflow inefficiency, as illustrated by the average wait of cases for 1,462 min (24 h) to be filed ready for archiving, although a good proportion of the cases were filed much faster than this (1st quartile = 114 min, data for 399 cases). The efficiency of this activity appears to be at least partly dependent upon the time that a case is returned for filing. Figure 6B illustrates the data related to this activity for traces which also included a pathologist and that were filed on day 1 or 2 after being returned, showing that 60% (24 of 40) of cases that reached the filing pile before 14:00 and 83% of those before 15:00 were filed (filing final) on the same day that they had reached the filing pile, whereas of the 41 cases filed on day 2, 93% had reached the filing pile after 14:00. Overall of these cases, 44% of cases were returned to the final filing/archive bench on the same day as they were placed in the filing pile, and 90% had been returned to filing final by the end of day 2, with 98% of cases having been filed by the end of day 4, and the rest by day 6.



Movement of personnel

Movement of cases within the workflow was associated with movement of personnel, divided into the role categories of biomedical scientists, secretarial staff, and pathologists. For illustrative purposes we captured the movement of staff utilizing the RFID tagged badges they wore, detected at the same workflow points as the diagnostic cases. For study 2, 31 personnel wore RFID-tagged badges: 15 BMSs, 9 pathologists, 7 secretarial/administrative staff. Whilst the movement of individual personnel could be captured as they were registered at the various workflow points, the purpose of this part of the study was more to capture an overview of personnel movement; where different categories of personnel were at different times. This data (Figure 7), shows patterns in terms of the times of day that personnel are detected at various workflow points, with the PH doors (pigeonholes) being a particularly “busy” location, and patterns as to which locations people in particular roles are detected.
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FIGURE 7
 (A) Shows the timestamps at specific workflow points across all 31 personnel wearing RFID tagged badges (biomedical scientists, secretaries, pathologists), presented across the entire period for study 2. By contrast (B) shows the locations of pathologists within this workflow over the same time period. It is seen that pathologists do not spend time at the sign out bench or filing final pile (locations more frequently visited by biomedical scientists), and that the timestamps are related to readers associated with collection of cases (PH doors), relocation of cases to their offices (8th floor and corridor readers) or to return of cases (filing pile).





Discussion

Considerable evidence exists within the literature around the pathologist experience and quality assurance aspects of DP, mostly around the validation process and concordance between DP and glass. However, in spite of claims that DP is of potential benefit in improvement of laboratory and pathologist efficiency there is a dearth of evidence around this subject, and specifically in respect to the potential impact of DP on laboratory workflow and slide logistics. In fact, a recent review by Jahn et al. (2) comments that “there is no real-life cost-efficiency analysis for full DP implementation with sufficient (>5 years) follow-up”. Most studies to date focus on operational savings as a whole rather than detailed analysis of existing workflows and the potential thereby to understand the elements that may benefit most from the transition to DP, not only through time efficiency gains, but in the wider context of patient safety and quality improvement. Baidoshvili et al. (20) undertook physical measurements of time taken within various aspects of an analog workflow, comparing this with a digital workflow in a laboratory setting in The Netherlands handling around 220 cases/day. They captured potential time efficiency savings in slide logistics of up to 1,147 min/day across five key workflows (>19 h), including case assembly and transfer to pathologists, slide archiving, MDT preparation. Their study provides an assessment of potential time efficiencies in components of the analog pathway, however it does not capture the real-life movement of cases within the analog workflow and the variability in this, nor the sheer complexity of the case journey, which has additional impact on routine working. It is the inherent difficulty in capturing the complexity of workflows that likely contributes to the lack of such available data, which we attempt to address in this novel study. Utilization of RFID technology has allowed automated and continuous tracking of cases throughout the entirety of the post-laboratory workflow, evidencing the actual movement of cases within the laboratory and wider department, and illustrating the pathways a case follows which are sometimes deviant from that expected, impacting potentially on case traceability. This technology has facilitated direct measurement of timestamps for cases at pivotal pathway points, allowing detailed observation of the analog workflow in a manner that is not easily captured with manual recording, although it was not issue free and adjustments were needed to capture the data more optimally.

A key aspect of the transition to DP often focused upon is the prediction of improved turnaround times (TAT) in diagnostic reporting. TAT is seen as a measure of quality within the practice of cellular pathology, which is influenced by a myriad of factors of which the laboratory need to be aware (26). Instinctively a shortened turnaround time would result from the instant availability of a case digitally after booking out from the lab, negating the need for the physical movement of a case to a pathologist, which in our department involves collection of cases from a designated location next to the lab, the “pigeon hole” (PH). Both the booking out of the cases from the lab at the sign out bench and the manual transportation of cases to the PH is typically done in batches, immediately conferring a delay in case availability. Our study has captured a mean lag time of around an hour for cases waiting in the lab to be taken to PHs, and a further lag time of around 2 h before pathologists collect cases from their PH for reporting. In our system therefore a digital workflow could potentially negate an average 2–3 h of “delay” in a case reaching a pathologist for reporting. Whilst there is accepted variability between laboratories in terms of workflow, this specific aspect of physically getting cases from the lab to the pathologist will be reproducible across laboratory settings to at least some extent and this data therefore offers an indication of a relevant efficiency gain that will be transferable. The study from Baidoshvili et al. (20) showed that similar workflow components (preparation of a case to leave the lab, batching, and transfer of cases to pathologist) took 640 min/day (for around 200 cases), and predicted that in the digital workflow this would be reduced to 36 min/day for the same number of cases. We also noted that whilst 52% of cases leaving the lab after 15:00 were still collected on the same day, a further 28% were not collected until the following day, or later (20%). Perhaps significantly, given that we demonstrated that around one third of cases leave the lab after 16:00, this potentially translates to 15% of cases not being collected for reporting on the same day that they leave the lab. These few hours “saved” through the instant digital access to a case could facilitate same day reporting of greater numbers of cases, or requests to the lab for extra work, also having potential impact on case turnaround time which is increasingly important as a performance indicator in addition to the direct benefit on patient management pathways. Furthermore, whilst not captured in detail in our study, the time taken for pathologists to physically collect and return cases and the interruptions in the working day needed to do this, will be an additional important efficiency saving with DP. The concept of the pathologist as an operator or machine who can only undertake one task at one time is described in a previous study of workflow scheduling in pathology laboratories (27).

In all of these assumptions it must be acknowledged that these potential savings will be dependent upon the set-up/order of workflow in a digital pathway. Furthermore, it should also be considered that in the overall TAT for a case within the workflow (from receipt to authorization of a diagnostic report), there will be an impact from the scanning time per se, and the loading of cases onto the scanner, as well as the quality control process (which is likely to vary between labs in terms of where it falls within the pathway). However, by contributing an understanding of the real-life journey of a case and the working patterns of both the lab and the pathologist within the existing analog workflow, this study may aide the design of a digital workflow to optimize efficiency gains.

The physical delivery of glass slide cases in batches for a pathologist to report, the “push” approach, does not generally allow ready identification of cases within the pile according to their clinical urgency nor does it accommodate variation in pathologist availability (28). We have shown there is a variation in lag time from the earliest opportunity that a case is available from the lab to the time it is collected for reporting, which includes extended periods likely accounted for by flexible working patterns. Indeed, whilst there was a median time interval of around 2 h (mean time interval of 20 h) before a case was collected for reporting we saw that 15% of cases were collected on day 3 or later after being made available from the lab. We do not have specific details as to working patterns to account for these findings, but it illustrates the variation that exists. Pooling of cases for reallocation across a team is an option available in an analog workflow to accommodate such variation, however this introduces additional manual work into the system such as secretarial redistribution with associated additional movement of cases as we have shown in the first part of our study. A digital workflow offers the opportunity for any pathologist to see all cases that are ready for reporting, which can be tagged according to clinical urgency to enable prioritization of reporting. Cases can be “pulled” from this digital workflow and more easily distributed amongst a team and in accordance with availability, potentially offering a ready means to smooth the flow of work and turnaround times.

Perhaps the most compelling feature of the data presented is the complexity of the pathways that these diagnostic cases took. Whilst we had process-mapped the predicted pathways we had not anticipated the extent and variation of the physical movement of a case around the department between the time it was available for reporting and the time that it was returned to the final filing point from which it could be safely archived. Significantly, the time period that a case is out of the lab but not in filing, is one in which it is typically challenging to locate in current analog systems, which results in significant wasted time looking for slides if they are needed, and the inherent risk of a case going “missing”. Whilst a case may be traceable when physically with a pathologist, we have shown that the cases spend significant redundant time at multiple other points within the pathway such as re-distribution by administrative personnel, in a pile for an MDT meeting, in a pre-archive filing pile, during which time the case is effectively out of circulation and would be difficult to locate if needed. In our study the average time that a case spent effectively “out of circulation” within the workflow (from sign out to return to filing final for archiving) was around 5 days, although the range was 214 min to 19 days. Part of this time was accounted for by a case waiting for an average of 24 h within a “pre-filing” pile to be transported to the filing station for archiving. By returning the glass slides to the archive after scanning, these remain accessible should they be needed, with the digital images freely accessible to those with access, whether this is for diagnostic reporting, teaching, MDT meetings, clinical trial review, etc.

Whilst we did not capture time taken by administrative staff to collate cases for an MDT meeting, as others have shown (20) this is also a point of potential time efficiency gain in the digital workflow, partly given that cases can evidently be out with the archive for long periods of time when they may be needed. Our own observations are echoed in a recent commentary on digital pathology experience from a Dutch group (14) which remarks in the context of preparation for an MDT meeting, that “a resident would spend about a full day collecting slides from the archive or the desks of our 30 pathologists and residents”.

Finally, we were also able to capture the complexities of the movement of personnel with the RFID badges worn by study participants, which varied according to their role (pathologist vs. biomedical scientist vs. secretary). There were clearly busy locations in terms of the workflow points, and it is predicted that a digital workflow would negate a substantial amount of this personnel movement, creating another time efficiency that may otherwise not have been so easily evidenced. In the current setting of the pandemic, this movement is not without potential risk, and the impact of DP in this context (29, 30), will likely continue into the foreseeable future.

On the basis of the literature to date, we would regard our study as probably the longest in terms of duration, and the largest in terms of the number of cases for which data has been captured, and with analysis of activity of the broadest range and number of personnel. We acknowledge that some data is incomplete but overall the data presented offers a detailed analysis of the “post-laboratory” journey of a surgical case; to the best of the authors knowledge no other studies to date have reported on continuous capture of similar data over such a time period. As we have shown in our study, the complexity of the analog pathway cannot be under-estimated, and efficiencies gained within a digital workflow will be multifactorial and not limited to saving time and potential improvements in turnaround times.

The potential inefficiencies seen in an analog workflow that could be addressed with digital pathology relate to batching with redundant time periods, physical movement of staff and cases, and loss or temporary unavailability of slides for which time is spent on locating them. Although concrete time efficiency savings are difficult to extrapolate in this study when moving from analog to digital, clear potential for improved patient safety aspects with DP are seen due to case traceability, and availability of slides for review and discussion at MDT, as well as potential for improvement in diagnostic reporting times resulting from more timely case availability.

Importantly, access to digital pathology underpins the potential benefit anticipated from the future integration of artificial intelligence into the workflow (31). It is challenging therefore to “pin down” exact cost savings that could be presented as part of a business case to support transition to DP as there are many “softer” savings and additional benefits that do not have direct cost implications. There is also the potential for revenue opportunities within the digital laboratory which may offset financial outlay in the longer term (6). Such opportunities may be within the context of increasing the caseload of a department enabled by digital working across sites, but also include contribution to more academic avenues such as image analysis and computational pathology. Indeed, in the UK there is an increasing recognition of the value of industry partnerships with the NHS and universities to aid the development of advanced diagnostics and ultimately improvement in patient care, which may also provide revenue back to the NHS.



Study limitations

The main limitation of our study in terms of the impact on the transferability of the potential efficiency gains that we have reported, is that it has been conducted within a single institution. This is not unique in terms of pre-existing studies looking at efficiency related to analog and digital workflows, but transferability of the study outcomes to other laboratory settings will be dependent upon the workflow which, as we have discussed, is typically variable across laboratories. We have however highlighted the aspects of our study data that we feel will be most transferable, and aspects such as complexity of the pathways that cases follow in the analog setting is likely to be a consistent feature across institutions.

We have acknowledged within our Section Results the limitations of our study in terms of the deficiencies of data collected during study period 1 in particular, which was attributed to technical issues related to the placement of readers which were set up within a functioning laboratory setting. In this respect the study was ambitious in the aim of capturing data with readers necessarily set within fairly close confines in the workplace, but we wanted to be able to operate the study within a real-life setting with as little impact on the system being analyzed as possible. In spite of this relative limitation, we still captured the movement of over 1,000 cases, and had detailed data from 400 case journeys to allow meaningful analysis of the analog workflow. The complexity of the case journey was underestimated, and whilst this provides strong evidence for aspects of potential safety and quality gains with a digital workflow, it necessitated detailed manual downstream data analysis, with unavoidable redundancy of some data which had been collected. We recognize that we have not captured data from our LIMS which could have provided additional timestamps for analysis, such as those related to cases being booked out of the lab, or to reports being authorized by pathologists. We appreciate that this may have further augmented the study, but we feel that we have illustrated sufficient detail in the analog pathway to benefit the understanding of the pinch points in the workflow, and foresee that this will be beneficial even to the optimization of existing analog workflows in departments who are yet to consider the digital transition. Finally, whilst we have not covered the entire range of subspecialties within the department we do not believe this to impact upon the validity of the main take home messages which are related to complexity of pathways and the pinch points, which we feel will be similar regardless of the specialty analyzed. Certainly in our own department the workflow from lab to pathologist and pathologist back to the lab, would not generally be specialty-specific.



Conclusion

In this study we have utilized a novel approach to capturing the glass slide-based (analog) cellular pathology workflow within a large teaching hospital setting, using RFID technology. The complexity of the workflow that we have illustrated is evidence of the challenge in capturing workflow data, which may in part explain the relative lack of evidence of efficiency savings by “going digital” and implementing digital pathology to date. We demonstrate the lag times in the analog workflow before a case reaches a pathologist for reporting, and the patterns of analog working that will be redundant with DP, and the potential for at least some unnecessary time in physical movement of slides and personnel around the department, and redundant time when cases are not moving through the workflow. Our intention is to reassess the workflow with DP fully implemented within our laboratory, however since the analog data was captured the unanticipated changes imposed on our working lives by the COVID-19 pandemic has meant that a future study will need to take into consideration the resultant change in work patterns, and significantly any remote working. Although we recognize that there may be differences in workflows between laboratories, this study is an attempt to provide evidence around potential efficiencies within this specific but significant portion of the workflow of a surgical case which may benefit a business case for DP in other settings. Importantly having detailed tracking data gives us a baseline position and enables the creation of complementary lean workflows for pathologists and lab staff to optimize chances of cases being available as soon as possible and navigating pinch points.
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Age (years)
WF

BMI (kg/m?)

Main clinical comorbidities

Time interval between diagnosis and
death (days)

DAD

Bacterial Pneumonia

Lung aspergillosis

Viral Preumonia

Macroscopic thrombi

Microscopic fibrin thrombi

Leucocytes thrombi

Hemorrhages

Infarcts/Ischemia

Patients from first wave of pandemic (n = 7)

69 (range 45-81)
417 (57%)

27.9(216-37.8)

Cancer (5/7, 71%)

Arterial hypertension (6/7, 71%)
Pulmonary disease (2/7, 28%)
Diabstes melitus (3/7, 43%)

Solid organ transplantation (2/7, 29%)
Bone Marrow transplantation (0/7, 0%)
Overweight (3/7, 43%)

Obesity (217, 28%)

12 (2-20)

6/7 (86%)
2/7 (29%)

o7 (0%)

o7 (0%)

General incidence (3/7, 43%)
Cardiac ventricle (3/7, 43%)
Pulmonary central (0/7, 0%)
Pulmonary paracentral (0/7, 0%)
Pulmonary peripheral (0/7, 0%)
Peripheral veins (0/7, 0%)
General incidence (4/7, 57%)
Myocardial vessels (1/7, 14%)
Pulmonary vessels (2/7, 29%)
Renal (077, 0%)

Cerebral vessels (1/7, 14%)
Skin (1/7, 14%)

General incidence (3/7, 43%)
Cardiac (1/7, 14%)

Pulmonary (3/7, 43%)

Hepatic (1/7, 14%)

Mesenterial (1/7, 14%)
General incidence (7/7, 100%)
Brain microhemorrhages (6/7, 86%)
Subarachnoid (1/7, 14%)
Subdural hematoma (0/7, 0%)
Lung (3/7, 43%)

General incidence (6/7, 86%)
Cardiac (1/7, 14%)

Lung (0/7, 0%)

‘Small intestine (2/7, 29%)

Liver (1/7, 14%)

Cerebral (2/7, 29%)

Patients from second wave of pandemic (1 = 28)

71 (range 22-89)

21/28 (75%)

27.4 (17.6-43.6)

Cancer (9/28, 32%)

Arterial hypertension (19/28, 68%)
Pulmonary disease (12/28, 43%)
Diabetes melitus (4/28, 14%)

Solid organ transplantation (2/28, 7%)
Bone Marrow transplantation (2/28, 7%)
Overweight (11/28, 39%)

Obesity (7/28, 25%)

18 (1-65)

18/28 (64%)

21/28 (75%)

6/28 (21%)

1/28 (4%) (HSV1+CMV)

General incidence (13/28, 46%)
Cardiac ventricle (2/28, 7%)
Pulmonary central (1/28, 4%)
Pulmonary paracentral (7/28, 25%)
Pulmonary peripheral (9/28, 32%)
Major peripheral vessels (3/28, 11%)
General incidence (13/28, 46%)
Myocardial vessels (2/28, 7%)
Pulmonary vessels (12/28, 43%)
Renal (1/28, 4%)

Cerebral vessels (2/28, 7%)

NA

General incidence (14/28, 50%)
Cardiac (4/28, 14%)

Pulmonary (12/28, 43%)

Hepatic (0/28, 0%)

Mesenterial (1/28, 4%)

General incidence (12/28, 43%)
Brain microhemorrhages (3/28, 11%)
Subarachnoid (2/28, 7%)
Subdural hematora (3/28, 11%)
Lung (5/28, 18%)

General incidence (10/28, 36%)
Cardiac (3/28, 11%)

Lung (5/28, 18%)

Smallintestine (5/28, 18%)

Liver (8/28, 20%)

Cerebral (2/27, 7%)

p-value

071
038
0.85
0.089
1.0
0.68
0.12
0.17
1.0
1.0
1.0
0.39

0.39
0.03
031
1.0
1.0
0.04
1.0
0.30
0.1
1.0
0.69
050
0.68
1.0
05

1.0
1.0
1.0
0.20
0.36
0.009
0.0003
050
1.0
03
0.03
1.0
056
0.61
0.65
0.18

M, male; F, female; DAD, diffuse alveolar damage; BMI, body mass index; HSV1, herpes simplex virus 1; CMV, cytomegalovirus; NA, not avaiable. Bold values are the statistically

significant results.
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Age
Median (range) ~ 47.5 (11-85)
Gender

Male 175 (30.3%)
Female 403 (69.7%)
Tumor size

Median (mm) 18.5(11-79)
PTC variant

Conventional 495 (85.6%)
Folicular 7 (12.6%)
Tall cel 6(1.0%)
Columnar 3(0.5%)
Cribriform morular 1 (0.2%)
pT status

1a 135 (23.3%)
1b 205 (35.4%)
2 138 (28%)
3 88 (15.2%)
4 17 (2.9%)
PN category

NO 256 (44.3%)
Nt 198 (34.2%)

No lymphnodes 124 (21.4%)
resected

LVI report

LV reported
n =366
©1.7%)

48 (11-85)

113 (64.6%)
253 (62.7%)

20 (11-75)

315 (63.6%)
45 (61.6%)
3(50.0%)
3(100.0%)
0

79 (58.6%)
127 (62.0%)
98 (73.7%)
53 (60.29%)
9(63.0%)

150 (58.6%)
126 (63.6%)
90 (72.6%)

LVI non-reported
n=212
(18.3%)

49 (18-82)

62(35.4%)
150 (37.3%)

18 (11-79)

180 (36.3%)
28 (38.4%)
3(50.0%)
0
1(100.0%)

56 (41.4%)
78 (33.0%)
35 (26.3%)
35 (39.8%)
8(47.0%)

106 (41.4%)
72 (36.3%)
34(27.4%)

ns.

ns.

ns.

ns.

ns.

<0.05

Tumor size was calculated for the non-pT1a tumors. Next to the median values, the ranges

are reported. n.s., non-significant.





OPS/images/fmed-09-778489/fmed-09-778489-g009.gif
Positive SARS-CoV-2 RNA

‘SARS-CoV-2 RNA distribution in postmortem tissues.
‘Time interval between death and autopsy (in hours)






OPS/images/fmed-09-778489/fmed-09-778489-g010.gif
Cormpariosn of morphelogls fadings betuean frst e svcond pandernie weve





OPS/images/fmed-08-734901/fmed-08-734901-g001.gif
- .

§ i
. .
PCCO939 L PCCO.6S






OPS/images/fmed-08-734901/fmed-08-734901-g002.gif





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fmed-08-734901/fmed-08-734901-g003.gif





OPS/images/fmed-08-746909/fmed-08-746909-t001.jpg
Antigen

Desmin
Myogenin
RB

CDK4
Cyclin D1
ps3

p16

§-100
H3Kk27me3
Ki-67

Antibody

zc18
FSD

1FB
EP180
SP4

DO-7
G175-405
None
None
MM1

Source

Zymed
DAKO
Zhongshan
Zhongshan
Roch
Leica
Zymed
Leica
Zhongshan
Leica

Type

Monoclonal antibody
Monoclonal antibody
Monoclonal antibody
Polyclonal antibody
Polyclonal antibody
Monoclonal antibody
Monoclonal antibody
Polyclonal antibody
Polyclonal antibody
Monoclonal antibody

Dilution

Prediluted
1:200

Prediluted
Prediluted
Prediluted
1:100

Prediluted
1:400

Prediluted
Prediluted





OPS/images/fmed-09-933933/fmed-09-933933-g001.gif
Delveredopgeentain
Suhes(dudngursen e

1

Cotecedy prtogitor
rereuiepsng

Futniogiior

|

|

N\ [ ]
o

T~

(e sddeatoseceomypie o
O mecting e

N (G et fingpie | e





OPS/images/fmed-08-746909/fmed-08-746909-t002.jpg
Age

250 years
<50 years

Sex

Female

Male

Location

Pelvis

Femur

Scapule

Tibia

Humerus.

Fibula

Radius

Metatarsals
Classification
Primary

Secondary

Grade of chondrogenic component
Gt

G2

Type of dedifferentiation
Osteosarcoma

uPs
Rhabdomyosarcoma
Fibrosarcoma
Spindie cell sarcoma.
Angiosarcorma
Prognosis
Disease-free sunvival
Dead

Missed follow-up

G1, grade 1; G2, grade 2; UPS, undifferentiated pleomorphic sarcoma.

n (%)

34(50.7)
23(40.9)

29(50.9)
28(49.1)

29(50.8)
17 (29.8)
4(7.0)
2(35)
2(35)
1018
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Negative (-) n (%) Focal positive (+) n (%) Diffuse positive (++) n (%)

Chondrogenic Sarcoma Chondrogenic Sarcoma Chondrogenic Sarcoma
Desmin 57 (100) 54.(94.7) 0 3(6.3) o 0
Myogenin 57 (100) 54 (94.7) 0 3(6.3) 0 0
5-100 0 57 (100) 0 0 57 (100) 0
RB 57 (100) 15 (26.3) 0 23(40.4) o 19(333)
CDK4 45(78.9) 29(50.9) 12 21.1) 20(35.1) 0 8(14.0
Cyclin D1 54(94.7) 40(70.2) 3(63) 14 (24.6) 0 3(5.9)
ps3 56(98.2) 31(54.4) 10.7) 19 (333) 0 7(12.9)
p16 47 82.4) 45 (78.9) 4070 6(105) 6(105) 6(10.5)

H3k27me3 0 [ 0 6(10.5) 57 (100) 51(89.5)
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Unknown 9 7
Age at first diagnosis (years)
Mean 63.6 63.8
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ime span between diagnosis and last follow-up (days)
Min. 13 121
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Chemotherapy regime (partially known)
Cisplatin + etopside 14/23 (60.9%) 8/16 (50%)
Carboplatin + etopside 9/23 (39.1%) 8/16 (50%)
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Min. duration (days) 30 30
Max. duration (days) 284 284
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Adjuvant intention 123 0
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Primary tumor + recurrent 27 19
tumor different site
Unknown 1 1
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TPS <1-49% 10vs.5

TPS 250% 16vs. 19

H-Score 0 4vs.6

H-Score <150 16vs.8

H-Score =150 10vs. 16

DLLB expression dynamics

Stable expression 19 (63.3%) with TPS vs.
17 (56.6%) with H-Score

Higher expression in 4(18.3%) with TPS vs. 4

chemonaive sample (18.3%) with H-Score:

Higher expression in 7 (28.3%) with TPS vs. 9

chemorelapsed sample (30%) with H-Score.
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Missing 16 8 8
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ver function test Hospital: Day 0 Hospital: Day 13

(discharge)
ALP (normal: 25-105 units/L) 112 84
AST (normal: 8-34 units/L) 35 29
ALT (normal: 7-24 units/L) 47 a7
Albumin (normal: 3.4-4.8 g/dlL) 27 3.1
Total bilirubin (normal: 0.2-1.1 mg/dL) 06 05

ALP, alkaline phosphatase; AST, aspartate transaminase; ALT, alanine transaminase.





