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Abstract

Low-grade appendiceal mucinous neoplasms (LAMNSs) exhibit drastically different clinical course and prognosis depending
on tumor stage, particularly as it relates to the extent and cellularity of peritoneal involvement. In this context, recent changes
in staging guidelines have sought to clarify criteria for pT and pM categories. This study’s aim was to identify
clinicopathological features associated with patient outcomes, especially as they pertain to updated stage groups. We
reviewed LAMNs from 192 patients (mean age: 56.9 years, 119 (62.0%) women). The tumors consisted of 66 (34.4%)
pTisMO, 16 (8.3%) pT3MO, 16 (8.3%) pT4aMO, 27 (14.1%) pTxMla, and 67 (34.9%) pTxMI1b cases. In multivariate
analysis, only gross perforation was significantly associated with higher TNM group stage (p = 0.001; OR 3.3, 95% CIL:
1.7-6.4). Of 165 (85.9%) patients with clinical follow-up, 51 (30.9%) had disease progression (over a mean 33.7 months,
range: 4.7-121.7), whereas over significantly longer follow-up (mean 48.7 months, range: 3.1-143.9; p =0.004), 114
(69.1%) patients did not. In multivariate analysis, higher TNM stage was significantly associated with disease progression
(p =0.029; OR 18.3, 95% CI: 1.4-246.0). In Kaplan—Meier analysis, none of 74 patients with disease limited to the
appendix (pMO), 6 of 27 (22.2%) cases with peritoneal involvement by acellular mucin only (pM1a), and 45 of 64 (70.3%)
tumors with intraperitoneal deposits containing neoplastic cells (pM1b) showed disease progression (p <0.001). These
differences in progression-free survival among TNM groups persisted when limiting the analysis to patients who had
undergone successful cytoreductive surgery (p =0.050). Finally, in four patients (all with pMI1b disease) death was
attributed to disease progression whereas there was no disease-specific mortality in the pMO and pM1a groups (p = 0.020).
These data support the designation of LAMNs with acellular peritoneal mucin as having an intermediate prognosis between
cases limited to the appendix and those with intraperitoneal deposits containing neoplastic epithelium.

Introduction

Low-grade appendiceal mucinous neoplasms (LAMNs)
are relatively rare, albeit increasing in incidence, tumors
of the appendix that are histologically characterized by
mucinous epithelium with low-grade cytologic atypia, but
absence of overt aggressive features, such as infiltrative
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growth pattern or destructive invasion with associated
desmoplastic reaction of the stroma [1-3]. The biological
behavior and clinical course of LAMNSs is heterogenous
and highly dependent on the extent of disease involve-
ment (i.e., tumor stage) at presentation. Patients with
disease confined to the appendix wall appear to have
negligible risk of disease recurrence following appen-
dectomy [4, 5]. In contrast, some patients present with
pseudomyxoma peritonei (PMP), a clinical syndrome
characterized by intraperitoneal mucinous implants and
progressive accumulation of mucinous ascites, most of
which are now thought to arise from peritoneal dis-
semination of LAMNs [6-9]. Patients with LAMN-
associated PMP have slowly progressive, yet incurable
disease with a high risk for recurrence, morbidity, and
eventual mortality, even though reported 5- and 10-year
survival rates are 50-86% and 45-68%, respectively
[4,5, 10-17].
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The treatment of PMP typically involves cytoreductive
surgery (CRS) followed by hyperthermic intraperitoneal
chemotherapy (HIPEC) [18, 19]. In this setting, CRS
involves resection of all macroscopically visible peritoneal
disease and may include removal of organs with serosal
involvement. However, there is little consensus on the
appropriate therapy for a subset of LAMN patients with
intermediate clinicopathological features such as localized
periappendiceal spread without evidence of intraperitoneal
involvement or peritoneal spread entirely devoid of neo-
plastic epithelium (so-called acellular mucin). Limited data
on the risk of progression and recurrence of PMP in these
settings, compounded by a historical lack of consensus
on nomenclature and classification in these tumors, preclude
uniformity in clinical decisions on the required aggres-
siveness of treatment options [20].

The incongruous histopathologic and clinical features of
LAMNSs have also led to a dizzying array of divergent
terminologies and various classification systems both for
the appendiceal neoplasm and the peritoneal disease com-
ponent. For example, metastatic disease associated with
appendiceal mucinous neoplasms, when limited to the
peritoneum and consisting of low-grade mucinous epithe-
lium, has been variably referred to as low-grade mucinous
carcinoma peritonei, disseminated peritoneal adenomuci-
nosis, and LAMN with peritoneal involvement [6, 21-23].
In a recent attempt at consensus, the Peritoneal Surface
Oncology Group International (PSOGI) defined LAMNSs as
mucinous neoplasms with low-grade cytology and any of
the following: loss of muscularis mucosae, submucosal
fibrosis, “pushing” or diverticular-like growth into the wall,
dissecting acellular mucin, undulating or flattened epithelial
growth, and mucin or neoplastic cells outside the appendix
[1]. In addition, the pathologic classification of PMP
involves the evaluation of cytologic atypia in peritoneal
neoplastic epithelium and comprises three categories: low-
grade, high-grade, and high-grade with signet ring cells;
acellular mucin as the only component of PMP is classified
separately [13, 24]. The most recent edition of the World
Health Organization Classification of Tumours discourages
terms such as borderline, uncertain malignant potential, and
mucinous cystadenoma, and considers grade 1 appendiceal
mucinous neoplasms to have low-grade cytology and a
pushing margin in the primary appendiceal tumor and
hypocellular mucinous deposits or low-grade epithelium in
peritoneal metastases [2].

In this context, recent changes in the American Joint
Commission on Cancer (AJCC) staging manual have also
sought to address confusion in the pathologic reporting of
LAMNSs [25]. Prior to the current edition, the staging of
LAMNSs was not specifically addressed, forcing pathologists
to use the same criteria as for conventional appendiceal
adenocarcinoma, whereby invasion into submucosa is staged

as pT1 and into muscularis propria as pT2. In addition, the
significance of acellular mucin during the staging of appen-
diceal neoplasms was not specifically incorporated into the
manual and intraperitoneal metastatic disease spread was
defined as containing neoplastic cells. Thus, the 8th edition
of the manual explicitly includes LAMNS, which are staged
as pTis(LAMN) when confined to the muscularis propria
(and belong to prognostic stage group 0), but as pT3 when
neoplastic mucinous epithelium or acellular mucin extend
to the subserosal soft tissue, and as pT4a when either
extends to the serosa of the appendix or the mesoappendix,
including in cases of perforation when cellular or acellular
mucin is continuous to the serosal surface through inflam-
mation [25]. In addition, intraperitoneal spread of acellular
mucin qualifies as metastatic disease (pM1a), whereas peri-
toneal deposits of neoplastic mucinous epithelium are now
designated pMl1b, if they comprise well-differentiated (G1)
epithelium, but both belong to the same overall prognostic
group (stage IVA).

Nevertheless, studies that validate these recent changes
or adequately stratify risk in terms of outcomes such as
disease recurrence or progression in patients with these
neoplasms are lacking. Therefore, our aim in this study
was to review cases of LAMN from a large patient cohort,
restage them according to these most recent criteria, and
evaluate the clinicopathological features that are asso-
ciated with disease progression and patient prognosis in
this setting.

Materials and methods
Study cases

The study was approved by the Mount Sinai Institutional
Review Board. Cases of appendiceal mucinous neoplasms
were retrieved through a search of surgical pathology
records over a 10-year period (January 2008—January 2018).
Inclusion criteria consisted of specimens diagnosed as pri-
mary, low-grade mucinous neoplasms of the appendix.
High-grade appendiceal mucinous neoplasms and appen-
diceal adenocarcinomas with invasive, destructive growth
were excluded from the study. Specimens with mucinous
neoplasms of the colon (including cecum) or small intestine
were excluded. Neuroendocrine neoplasms (NENs), mixed
neuroendocrine-non-neuroendocrine neoplasms (MiNENs),
and goblet cell adenocarcinomas (formerly known as goblet
cell carcinoids) were excluded. Specimens from endoscopic
procedures only (e.g., biopsies of the appendiceal orifice
during colonoscopy) were excluded. Consultation cases
submitted to our Department from referring institutions
were included only when microscopic slides and/or tissue
blocks were available for review. Cases of LAMN
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diagnosed as being confined to the appendix, but which had
not been completely submitted for histologic evaluation,
were excluded from the study. Cases with insufficient
clinical data in patient medical records were excluded.

Clinicopathological data

Data on demographic and clinicopathological features,
including patient age and sex, type of index surgical pro-
cedure, method of intraperitoneal sampling, presence or
absence of gross tumor perforation, histological status of
surgical resection margin, stage (pT, pN, pM, and overall
prognostic stage group), concurrent diagnosis of inflam-
matory bowel disease (IBD), and treatment administration
(HIPEC, CRS, and/or systemic chemotherapy), if any, were
obtained by reviewing surgical pathology microscopic
slides and reports (including review of gross specimen
photographs) and patient medical records (including
intraoperative and admission or discharge notes). The index
surgical procedure was defined based on the anatomical
extent of primary resection at the time of LAMN diagnosis
(or within 3 months) and characterized as simple, when
consisting of an appendectomy with or without synchronous
cecectomy, or extensive, when consisting of an ileocolic
resection, segmental (right) colectomy, or total/subtotal
colectomy. The method of diagnostic or therapeutic intra-
peritoneal sampling was categorized as comprising biopsies
(sampling of intraperitoneal tissues and/or organs) or
resection (wide excision of peritoneal organs, such as
oophorectomy, omentectomy, etc.). HIPEC consisted of
40 mg mitomycin C delivered in closed fashion for 90 min
and targeting an intraperitoneal temperature of 41-43 °C, as
recommended by consensus guidelines [26]. CRS included
surgical resection of all visible peritoneal disease, including
peritoneal stripping, full thickness diaphragm resection, and
resection of any involved organs. Extent of CRS was
quantified using conventional completeness of cytoreduc-
tion scores (CCS), determined at the time of surgery, as
follows: CCSO: no residual tumor nodules; CCS1: residual
tumor nodules <2.5 mm; CCS2: residual tumor nodules
>2.5mm and <2.5cm; CCS3: residual tumor nodules
>2.5 cm [27-29]. In cases where CCS was not reported at
the time of surgery, intraoperative notes were reviewed and
CCS was assigned retrospectively. For the purposes of
statistical analysis, CCS scores of 0 and 1 were considered
successful CRS and were combined (CCS 0-1).

AJCC/TNM restaging
All hematoxylin and eosin (H&E)-stained sections were
independently and blindly reviewed by two gastrointestinal

pathologists (SJB and ADP) for diagnosis confirmation and
reassessment of pathologic stage according to the current

SPRINGER NATURE

(8th) edition of the AJCC Staging Manual [25]. Disagree-
ment was resolved by reviewing cases on a multiheaded
microscope and consensus was achieved throughout.
All cases, as per study inclusion criteria, were classified as
low-grade/well-differentiated (G1) and were restaged and
sub-grouped into five categories (pTis, pT3, pT4a, pTxMla,
and pTxM1b). Briefly, LAMNSs that were confined to the
appendix and/or extended into but not through the appen-
diceal muscularis propria were staged as pTis(LAMN).
Penetration of neoplastic epithelium or acellular mucin
through the muscularis propria into periappendiceal soft
tissues without serosal involvement was staged as pT3,
whereas serosal surface involvement of the appendix or
mesoappendix was staged as pT4a. Intraperitoneal disease
was confirmed by tissue sampling within 3 months of initial
diagnosis and staged as pMla or pMlb based on the
absence or presence, respectively, of neoplastic cells within
mucinous peritoneal deposits.

Patient outcomes

Electronic medical records (including physician notes,
results of imaging studies, etc.) were extensively reviewed
and patient outcomes were recorded. Primary outcome
endpoints consisted of disease progression and disease-
specific mortality. Disease progression was defined as evi-
dence of intraperitoneal disease recurrence after a docu-
mented disease-free interval or evidence of increasing
disease burden (disease extension) after a treatment attempt
(HIPEC and/or CRS) and was established by cross-sectional
imaging (including CT and MRI scanning modalities) and/
or histopathological examination of peritoneal tissue.
Follow-up was defined as the time from initial LAMN
diagnosis to event (disease progression or disease-specific
mortality) or last clinical examination and was measured in
months. Only patients with at least 3 months of follow-up
were included in outcome analysis.

Statistical analysis

Continuous variables (patient age and follow-up time) were
compared using one-way analysis of variance. Categorical
variables, including patient sex, type of index procedure,
peritoneal sampling method, tumor perforation, margin
status, stage group (pTNM), concurrent IBD diagnosis,
treatment modalities, response, and patient outcome, were
compared using Pearson chi-squared tests. Multivariate
logistic regression was performed using all characteristics as
independent variables, except where indicated, with calcu-
lated odds ratio (OR) and 95% confidence intervals (CI).
Cohen’s kappa coefficient was calculated to evaluate for
concordance in the presence of neoplastic cells within
peritoneal metastases between specimens from the initial
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diagnosis and during disease progression. Kaplan—Meier
survival analysis was used to test for differences in disease
progression and disease-specific mortality during the
follow-up period and log-rank test was employed for sta-
tistical significance. All statistical analysis was carried out
using Statistical Package for the Social Sciences software
(SPSS; Build 1.0.0.1327; copyright 2019, IBM) with p <
0.05 considered significant.

Results
Clinicopathological characteristics

Specimens from 192 patients who had been diagnosed with
LAMNSs fulfilled study criteria and were included. The
patients, 119 (62.0%) of whom were female and 73 (38.0%)
male, had a mean age of 56.9 + 13.8 years and a median age
of 58 years (range: 19-91). Nine patients (4.7%) also car-
ried a diagnosis of IBD. Based on inclusion criteria,
all appendiceal tumors were classified as low-grade/well-
differentiated (G1) and lacked infiltrative or destructive
growth, complex glandular architecture, invasion with
desmoplastic stroma reaction, or signet ring cells. Lymph
node metastases (pN) were not present in any of the
84 (43.8%) cases that had lymph nodes available for his-
tological examination. Invasion of adjacent organs (i.e.,
pT4b), lymphovascular or perineural space invasion, distant
metastases other than in the peritoneum (pMlc), or high-
grade epithelium were not seen in any of the cases, whether
at first presentation/diagnosis or during disease progression.

Updated AJCC/TNM staging

Based on the most recent AJCC staging criteria, study
cases were divided into five groups (Fig. 1). A significant
proportion of patients (66, 34.4%) had presented with a
LAMN confined to the appendiceal wall without extension
to the subserosa or peritoneal involvement (pTisMO).
In 16 cases (8.3%), neoplastic epithelium or acellular
mucin extended to the appendiceal subserosal soft tissue
(pT3MO) and in another 16 (8.3%) to the serosal surface
(pT4aMO0), neither of which had associated peritoneal
disease. Regardless of primary tumor stage in the appen-
dix, 27 cases (14.1%) showed involvement of the perito-
neum by acellular mucin (pTxMla) and another 67 cases
(34.9%) had peritoneal disease consisting of low-grade
mucinous epithelium (pTxM1b).

With the intention to identify features that might corre-
late with higher overall stage, clinicopathological char-
acteristics were evaluated in these five groups (Table 1).
In univariate analysis, patient sex, while significantly dif-
ferent among stage subgroups (p = 0.022), did not exhibit a

discernible pattern. In contrast, patients with higher stage
LAMNSs were more likely to have undergone more exten-
sive surgical resection (p =0.031) and to have had gross
perforation in the appendix (p<0.001). A concomitant
diagnosis of IBD was more likely in the group of cases
confined to the appendix (pTisMO), but the difference did
not reach statistical significance (p =0.080). Patient age,
histological status of the resection margin, and method of
peritoneal sampling were not significantly different among
LAMN stage groups. Variables which were dependent on
stage group (i.e., type of index surgical procedure and
method of intraoperative peritoneal sampling), were exclu-
ded from multivariate analysis which showed that only
gross perforation remained significantly associated with
LAMN stage group (p=0.001) and, when present,
increased the likelihood of a higher overall stage with an
OR of 3.3 (95% CI: 1.7-6.4).

Patient treatment, response, and outcomes

Treatment utilization, response, and disease outcomes were
evaluated for 165 (85.9%) patients who had clinical follow-
up of at least 3 months. These characteristics were con-
siderably different across various LAMN stage groups
(Table 2). As expected, given their respective stage, only 1
patient (2.0%) with pTisMO and 1 (8.3%) with pT3MO
received HIPEC (both cases had gross perforation of the
appendix). Conversely, more than half pT4aMO patients
(7 cases, 58.3%) and most patients with intraperitoneal
acellular mucin (pTxMla; 23 cases, 85.2%) or neoplastic
epithelium (pTxM1b; 58 cases, 90.6%) were given HIPEC
(p <0.001). The majority of patients with LAMNSs staged as
pMla and pMl1b also received CRS (88.9% and 92.2%,
respectively), significantly more compared to 1 (8.3%)
pT4aMO patient and no patients in the pTis and pT3 groups
(p <0.001). Most patients had good response to treatment
and at similar rates: CRS completion scores (CCS) of 0 or 1
were achieved in the 1 patient (100%) with pT4aMO, 19
patients (90.5%) with pM1a, and 45 patients (80.4%) with
pM1b stage LAMNSs (difference not significant).

Over similar lengths of follow-up time among these stage
groups (the differences not being significant), there was no
evidence of disease progression in any of the 50 pTisMO, 12
pT3MO, and 12 pT4aMO patients who had clinical follow-
up. In contrast, significantly more patients with peritoneal
spread had disease progression (p <0.001): 6 of 27 (22.2%)
cases with peritoneal acellular mucin (pM1a) and 45 of 64
(70.3%) patients with peritoneal spread composed of neo-
plastic epithelium (pM1b). All four deaths attributed to
LAMN (disease-specific mortality) in this cohort belonged
to the pM1b stage group (6.3% of patients with follow-up in
this group) and all four had shown disease progression prior
to death. In contrast, there was no disease-related mortality
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Fig. 1 Representative sections from various low-grade appendiceal
neoplasms (LAMNSs), staged according to recently updated (8th
ed.) AJCC criteria. a LAMN completely confined to the appendix,
which is designated pTis(LAMN). Notice the obliterated lamina pro-
pria and intact muscularis propria layer. b LAMN with acellular mucin
extending into, but not through, the muscularis propria. This is still
classified as pTis(LAMN). ¢ Acellular mucin dissecting through the
muscularis propria (top of image) to the subserosal soft tissue, without

involving the serosa, is staged as pT3. d Acellular mucin reaching the
inked serosal surface (top of image) of the mesoappendix is assigned a
stage of pT4a. e Peritoneal sample from the omentum showing acel-
lular mucin surrounding adipose tissue, which is categorized as pM1a.
f Peritoneal biopsies with low-grade mucinous epithelium surrounding
fibrous tissue qualify this tumor as pMlb. (H&E stains; original
magnification: x200).

Table 1 Clinicopathological characteristics of low-grade appendiceal mucinous neoplasms by AJCC/TNM pathologic stage group.

pTisMO pT3MO pT4aMO pTxMla pTxMl1b p value
(n=066) (n=16) (n=16) (n=27) (n=067) Univariate Multivariate
Patient sex
Female 43 (65.2%) 6 (37.5%) 6 (37.5%) 21 (77.8%) 43 (64.2%) 0.022 0.10
Male 23 (34.8%) 10 (62.5%) 10 (62.5%) 6 (22.2%) 24 (35.8%)
Patient age (years)
Mean + SD 58.8+16.2 58.4+12.9 49.5+11.5 56.2+10.8 56.6+12.5 0.17 0.26
Median (range) 59.5 (19-91) 60 (34-75) 51 (23-74) 59 (27-77) 57 (30-90)
IBD (co-prevalence)
Total (all subtypes) 7 (10.6%) 0 (0%) 0 (0%) 1 (3.7%) 1 (1.5%) 0.080 0.090
Index surgery
Simple 47 (71.2%) 10 (62.5%) 8 (50.0%) 12 (44.4%) 24 (45.3%) 0.031 N/A
Extensive 19 (28.8%) 6 (37.5%) 8 (50.0%) 15 (55.6%) 29 (54.7%)
Appendix: perforation
Absent 62 (93.9%) 11 (68.8%) 9 (56.3%) 11 (45.8%) 27 (64.3%)  <0.001 0.001
Present 4 (6.1%) 5 (31.3%) 7 (43.8%) 13 (54.2%) 15 (35.7%)
Appendix: margin
Negative (RO) 62 (93.9%) 16 (100%) 14 (87.5%) 20 (87.0%) 34 (89.5%) 0.52 0.34
Positive (R1) 4 (6.1%) 0 (0%) 2 (12.5%) 3 (13.0%) 4 (10.5%)
Peritoneal sampling
Biopsies 3 (60.0%) 0 (0%) 0 (0%) 5 (18.5%) 16 (23.9%) 0.17 N/A
Resection 2 (40.0%) 1 (100%) 6 (100%) 22 (81.5%) 51 (76.1%)

SD standard deviation, /BD inflammatory bowel disease, N/A not applicable.

Statistically significant p values (i.e., <0.05) are indicated in bold.
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Table 2 Treatment, response, and outcomes among patients with clinical follow-up, for different LAMN stage groups.
pTisMO pT3MO pT4aMO pTxMla pTxMlb p value
(n=50) n=12) n=12) n=27) (n=064)
Treatment and response
HIPEC 1 (2.0%) 1 (8.3%) 7 (58.3%) 23 (85.2%) 58 (90.6%) <0.001
CRS 0 (0%) 0 (0%) 1 (8.3%) 24 (88.9%) 59 (92.2%) <0.001
CCS 0-1 N/A N/A 1 (100%) 19 (90.5%) 45 (80.4%) 0.77
CCS 2 0 (0%) 2 (9.5%) 8 (14.3%)
CCS 3 0 (0%) 0 (0%) 3 (5.4%)
Systemic chemotherapy 0 (0%) 0 (0%) 0 (0%) 4 (14.8%) 20 (31.3%) <0.001
None 49 (98.0%) 11 (91.7%) 5 (41.7%) 2 (7.4%) 3 (4.7%) <0.001
Follow-up time (months)
Mean + SD 422+283 52.4+26.3 41.3+18.6 51.0+37.7 41.6+32.8 0.58
Median (range) 37.3 (3.1-118.1) 61.0 (4.1-85.6) 35.4 (8.3-71.3) 40.3 (3.4-143.9) 30.7 (3.7-129.2)
Patient outcomes
No evidence of disease 50 (100%) 12 (100%) 12 (100%) 21 (77.8%) 19 (29.7%) <0.001
Disease progression, by: 0 (0%) 0 (0%) 0 (0%) 6 (22.2%) 45 (70.3%)
Acellular mucin N/A N/A N/A 2 (33.3%) 2 (4.4%)
Neoplastic cells 4 (66.7%) 31 (68.9%)
Imaging 0 (0%) 12 (26.7%)
Disease-specific mortality 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (6.3%) 0.011*

LAMN low-grade appendiceal mucinous neoplasm, HIPEC heated intraperitoneal chemotherapy, CRS cytoreductive surgery, CCS completeness of

cytoreduction score, N/A not applicable, SD standard deviation.
Statistically significant p values (i.e., <0.05) are indicated in bold.

pTxMI1b cases vs. all others.

among any of the pMO (Tis/T3/T4a) and pMla patients,
significantly less than the pM1b group (p =0.011).

Disease progression

Among cases with peritoneal disease spread that pro-
gressed, there was significant concordance in terms of the
presence or absence of neoplastic cells in specimens from
the original diagnostic procedure compared to specimens
obtained at the time of disease progression (Table 2). Of 33
cases with peritoneal spread by neoplastic cells (pM1b), 31
(93.9%) also had low-grade epithelium at disease progres-
sion. Conversely, of six cases with intraperitoneal mucin
(pM1a) that progressed, two (33.3%) had acellular mucin
only at disease progression (84.6% proportionate agree-
ment; p =0.043). However, this agreement could only be
characterized as fair (x =0.316), given that most (4 of 6,
66.7%) of the original pMla cases that progressed on the
basis of histologic examination did so with the presence of
neoplastic epithelium. There were no cases that progressed
with high-grade neoplastic epithelium (i.e., G2 or G3).

In order to identify prognostic features associated with
disease progression in LAMNs, we compared 51 (30.9%)
cases with documented disease progression over a
mean follow-up of 33.7 +£28.4 months (mean: 26.0, range:
4.7-121.7) to 114 (69.1%) patients with no evidence of
disease during a significantly longer mean follow-up of

48.7+31.2 months (mean: 41.3, range: 3.1-143.9; p =
0.004) in terms of various clinicopathological character-
istics (Table 3). In univariate analysis, absence of a con-
comitant diagnosis of IBD (p =0.039), a more extensive
index surgical procedure (p <0.001), and higher AJCC/
TNM stage group (p <0.001) were all significantly asso-
ciated with disease recurrence. In contrast, patient age and
sex, gross perforation of the appendix, appendiceal margin
status, and extent of peritoneal sampling at the time of
diagnosis were not associated with disease progression.
Unsurprisingly, since type of index surgery is a variable not
independent of group stage (see Table 1), it lost significance
in multivariate analysis, as did a concurrent IBD diagnosis.
AJCC/TNM stage remained significantly associated with
disease progression in multivariate analysis (p = 0.029) and
a higher overall stage group increased the likelihood of
disease progression with an OR of 18.3 (95% CIL
1.4-246.0). As expected, incomplete cytoreduction was
associated with disease progression: of 65 patients with
successful CRS (i.e., CCS 0-1), less than half (31 cases,
47.7%) had disease progression, whereas out of 13
patients with incomplete CRS scores (CCS 2-3), most
(10 cases, 76.9%) exhibited progression. The difference was
significant in multivariate analysis (p =0.036) with less
complete cytoreduction (i.e., higher CCS scores) increasing
the likelihood of disease progression by an OR of 7.3 (95%
CIL: 1.1-46.4).
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Table 3 Clinicopathological

variables associated with disease Disease progression p value
progression in LAMN patients. Absent (n=114) Present (n=51) Univariate Multivariate

Patient sex
Female 72 (63.2%) 34 (66.7%) 0.66 0.66
Male 42 (36.8%) 17 (33.3%)

Patient age (years)
Mean + SD 57.5+14.1 56.4+12.7 0.63 0.47
Median (range) 58 (19-91) 57 (30-90)

IBD (co-prevalence)
Total (all subtypes) 9 (7.9%) 0 (0%) 0.039 0.99

Index surgery
Simple 74 (66.1%) 13 (31.7%) <0.001 0.12
Extensive 38 (33.9%) 28 (68.3%)

Appendix: perforation
Present 28 (25.5%) 11 (37.9%) 0.18 0.97
Absent 82 (74.5%) 18 (62.1%)

Appendix: margin
Negative (R0) 98 (90.7%) 24 (92.3%) 0.80 0.91
Positive (R1) 10 (9.3%) 2 (7.7%)

Peritoneal sampling
Biopsies 12 (23.5%) 10 (19.6%) 0.63 0.43
Resection 39 (76.5%) 41 (80.4%)

Stage group (pTNM)
Tis/T3/T4a MO 74 (64.9%) 0 (0%) <0.001 0.029
Tx Mla 21 (18.4%) 6 (11.8%)
Tx Mlb 19 (16.7%) 45 (88.2%)

CRS treatment response
CCS 0-1 34 (91.9%) 31 (75.6%) 0.068 0.036
CCS 2 3 (8.1%) 7 (17.1%)
CCS 3 0 (0%) 3 (7.3%)

Follow-up time (months)
Mean + SD 48.7+31.2 33.7+£284 0.004 N/A

Median (range)

41.3 (3.1-143.9)

26.0 (4.7-121.7)

LAMN low-grade appendiceal mucinous neoplasm, SD standard deviation, /BD inflammatory bowel disease,
CRS cytoreductive surgery, CCS CRS completeness score, N/A not applicable.

Statistically significant p values (i.e., <0.05) are indicated in bold.

Progression-free and disease-specific survival

To demonstrate the significance of stage group in disease
progression and survival, Kaplan—Meier survival analysis
was employed (Fig. 2). None of the 74 (0%) patients with
disease limited to the appendix wall and periappendiceal
serosa (pTis/T3/T4a MO) had disease progression (Fig. 2a).
In contrast, 6 of 27 (22.2%) patients with peritoneal acel-
lular mucin (pTxMla) and 45 of 64 (70.3%) cases with
peritoneal neoplastic epithelium (pTxM1b) progressed over
the follow-up period, a significant difference (p <0.001;
log-rank test). Since incompleteness of CRS was sig-
nificantly associated with disease progression in

SPRINGER NATURE

multivariate analysis, we wanted to determine whether
AJCC/TNM stage group was still associated with disease
progression once treatment effect had been taken into
account. We therefore limited progression-free survival
analysis to cases where complete or near complete CRS had
been achieved (CCS 0-1) and there were still significant
differences among these stage groups in terms of disease
progression (p =0.050; Fig. 2b). Finally, disease-specific
survival (DSS) analysis (Fig. 2c) showed that cases with
peritoneal metastases composed of low-grade mucinous
epithelium (pTxM1b) had significantly higher mortality due
to disease compared with cases without peritoneal spread of
neoplastic cells (pTx M0/M1a; p = 0.020).
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Fig. 2 Presence and cellularity of intraperitoneal disease at time of
low-grade appendiceal neoplasm (LAMN) diagnosis is strongly
associated with disease progression. a Kaplan—-Meier curves of
cumulative progression-free survival (PFS), defined as the absence of
peritoneal disease recurrence or extension during clinical follow-up,
for LAMNSs of different AJCC/TNM stage groups. b Kaplan—Meier
curves of PFS by LAMN stage group, limited to cases with successful

Discussion

In this study, LAMNSs confined to the appendiceal wall and
serosal surface without peritoneal spread at the time of
diagnosis had no risk of disease progression, while those
with peritoneal disease consisting of neoplastic low-grade
epithelium had significant risk. Crucially, LAMNs pre-
senting with peritoneal spread of acellular mucin had an
intermediate risk of disease progression between the two,
supporting recent updates in the staging of these neoplasms.

Our findings provide additional evidence that patients with
LAMNSs confined to the appendix have no risk of disease
progression or recurrence. This includes LAMNs with
extension into the muscularis propria (pTis) as well as those
with neoplastic epithelium or acellular mucin in the subserosal
soft tissue (pT3), without involvement of the serosal surface.
In fact, including 82 such cases in the current study, there are
now over 300 LAMN cases with no serosal involvement
reported in the literature and none had disease recurrence
[4, 5, 30-35]. Collectively, these results support current
recommendations that patients with such neoplasms should be
considered adequately treated by appendectomy alone and
would further suggest that the pT3 category in the current
AJCC staging can probably be down-staged, from the current
prognostic group A (if pMO) closer to the pTis(LAMN)
designation and overall prognostic stage group 0.

A clinical dilemma that might arise in this setting con-
cerns prognosis and subsequent follow-up requirements for
tumors with positive surgical resection margins, whether
due to acellular mucin or neoplastic epithelium. There was
no disease recurrence or progression among 4 pTisMO and 2
pT4aMO cases with positive resection margins in the current
study, nor did we find that the status of the appendectomy
margin overall is statistically associated with disease
progression in our series. These data confirm results from
prior studies on surgical margins in LAMNSs, and would

Time (months)
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cytoreduction (i.e., with CCS of 0-1). ¢ Kaplan-Meier curves of
cumulative disease-specific survival (DSS) in cases with peritoneal
disease comprised of neoplastic epithelium at the time of LAMN
diagnosis (pM1b) compared with cases without (pM0/M1a). Cross
hatches (+4) indicate censoring of patients (death or last follow-up) and
vertical step lines indicate events (i.e., disease progression or
mortality).

corroborate prior recommendations for conservative man-
agement in these cases [30, 36]. However, determination of
margin status in LAMN resections is inherently fraught with
difficulties due to the presence of mucin and its tendency
to contaminate histological sections. Thus, if improperly
designated cases with “positive” margins due to mucin
extravasation have been incorporated, the negligible recur-
rence rates that have been reported in this setting would
have been overstated. Indeed, cases wherein the tumor is
contiguous with the margin should probably enjoy the
benefit of continued clinical scrutiny [6, 37].

We also identified 16 cases of LAMN with acellular
mucin extending to the serosal surface of the appendix or
mesoappendix, but without evidence of intraperitoneal
spread (pT4aMO). In one case, mucin was present locally in
the periappendiceal right lower quadrant (RLQ) area, but
was included in this group (as opposed to being staged as
pMla), given that AJCC criteria for the pMla designation
describe “disseminated peritoneal mucinous deposits.” This
is perhaps the least well-defined and studied subcategory
within LAMN lesions, with few cases reported overall and
specific details on the cellular composition of the extra-
appendiceal disease component generally lacking. A lit-
erature search uncovered ~118 cases of LAMNSs (including
this study) with acellular mucin present in, but localized to,
the appendiceal serosa and/or surrounding periappendiceal
area (i.e., without disseminated peritoneal disease)
[5, 32, 33, 35, 36, 38]. Overall, among these reported cases,
only 3 (2.5%) had disease recurrence during follow-up.
Among 12 patients with pT4aM0 LAMNs and clinical
follow-up in our study, none had disease recurrence over an
average of ~3.5 years (median 3 years). However, more
than half of these patients (58.3%) had received intrao-
perative HIPEC and one patient with mucin in the RLQ had
also undergone CRS, interventions that could have affected
their favorable outcome.
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Only a few of these prior studies additionally evaluated
cases where such localized extra-appendiceal deposits
contained neoplastic cells and together they found that a
total 8 of 22 (36.4%) such patients developed mucinous
ascites during follow-up, including two who eventually died
of disease [5, 38]. The difference by an order of magnitude
in the rate of disease progression between LAMNSs with
localized acellular vs. cellular periappendiceal mucin
deposits would suggest that they do not belong together
under the same AJCC stage group IIB. Thus, while not
distinguishing between acellular mucin and neoplastic epi-
thelium when staging LAMNSs may be applicable for the
pTis and pT3 categories, pT4a may require a modification
in order to separate cases that are associated with a docu-
mented worse prognosis. Certainly, they would seem to
belong to a higher overall prognostic stage level compared
to pT3MO tumors, which are currently designated IIA.

Similar to resection margin status, a number of con-
siderations might influence the proper designation of pT4a
stage in these cases. Acellular mucin, or even neoplastic
epithelium, can appear on the serosal surface of the appendix
due to intraoperative contamination or improper handling
during gross sectioning, leading to inappropriate upstaging of
the tumor. Given that the rate of disease progression in
pT4aMO LAMN:S is not negligible, particularly in cases due to
the presence of neoplastic epithelium, care must be taken to
exclude residual disease in the surrounding area of the peri-
toneum (RLQ). In many institutions, including ours, surgical
evaluation of the peritoneum (all 4 quadrants) is routine
during diagnostic laparoscopy in these cases, as is radiologic
surveillance every 6 months for 5 years [28]. In a related
matter, a number of studies have found significant coexistence
of appendiceal diverticular disease with the presence of
LAMNS, suggesting that diverticulae may form due to
increased intraluminal pressure in the setting of LAMN or
may preexist and be secondarily involved by the mucinous
neoplasm itself [4, 39, 40]. In fact, whether ruptured or not,
appendiceal diverticulae may simulate features of LAMN and
cause erroneous overdiagnosis [41-43].

In our study, gross perforation of the appendix was the
only variable significantly associated with a higher patho-
logic LAMN stage in multivariate analysis. As with diver-
ticulae, gross perforation might provide a means of egress
for neoplastic epithelium or acellular mucin through the
appendiceal wall, upstaging the tumor. In addition, per-
foration may be secondary to acute appendicitis, mucosal
herniation or true tumor extension [6]. Even though
LAMNs are by definition not invasive tumors with
destructive growth, their pushing growth or dissecting
mucin may cause appendiceal perforation or, conversely,
perforation due to luminal pressure and/or inflammation
(appendicitis) may allow tumor to escape. The latter may be
considered a situation where the tumor is incorrectly

SPRINGER NATURE

upstaged, particularly since AJCC staging criteria consider
tumor cells or acellular mucin continuous with the serosal
surface through inflammation as pT4a [25]. Regardless of
which came first or issues of semantics, gross perforation of
the appendix would almost certainly lead to tumor found
outside the appendix and a higher assigned stage. However,
in and of itself, this may not necessarily be a sign of tumor
aggressiveness. Supporting this contention, gross perfora-
tion was not associated with disease progression in our
study and there was no progression among pT4aMO cases.
Perforation may allow mucin and/or tumor cells to escape to
the serosal surface and surrounding periappendiceal area,
but it probably does not lead to peritoneal disease spread
unless the tumor has the biological capacity to do so.

One of the major changes in the most recent AJCC staging
of appendiceal neoplasms concerns the definition of perito-
neal involvement by acellular mucin as metastatic disease,
designated as pM1a, even though it is understood to have the
most favorable prognosis among the histological phenotypes
associated with PMP [1, 6]. Prior studies have seen mixed
results among patients with such tumors, with approximately
half the series reporting no disease progression and the rest
describing only one case each with recurrence out of different
case number totals and after varying lengths of follow-up
[5, 13, 33, 35, 44-51]. Taking the results of these studies
together, the overall rate of recurrence in this group appears to
be ~4-5%, although some of these series with smaller num-
bers of cases reported rates as high as 10-25%
[37, 46, 49, 51]. We report herein that 22.2% of cases with
acellular peritoneal mucin at presentation had subsequent
disease progression, despite the fact that all cases that pro-
gressed had received HIPEC and had undergone CRS, as well
as receiving adjuvant systemic chemotherapy in one case.
There could be many reasons why our cases with acellular
mucin in the peritoneum (pMla) had a higher rate of pro-
gression compared with the average of what is reported in the
literature. Studies may contain important differences in study
population (our institution is a referral center for the treatment
of LAMNS), length of follow-up time (our study had a
median of 3 years), method of surveillance (we included
progression as determined by imaging studies), and number
of cases within this stage subgroup (our study had a fairly
large number of such cases: 27).

Statistical analysis (such as Kaplan—-Meier survival)
within the same study population is best suited at comparing
recurrence rates among stage groups and we found that
patients with pM1a LAMNSs had significantly higher rate of
progression compared to pMO cases and significantly lower
compared to pM1b patients, differences that persisted when
the analysis was limited to patients that had undergone
successful cytoreduction. However, the presence of acel-
lular peritoneal mucin was not associated with an increase
in disease-specific mortality, which was significantly less
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than that observed with pMlb tumors. A recent, large
prospective series has confirmed that peritoneal disease
classified as acellular mucin according to the recent PSOGI
consensus (equivalent to pMla in the AJCC/TNM staging
system) has a favorable prognosis and significantly higher
10-year survival compared to low-grade PMP [47]. Thus,
while our data supports the recent designation of acellular
peritoneal mucin as pMla, we believe that it does not
necessarily belong to the same overall prognostic group as
pM1b (i.e., stage IVA), given the significantly lower risk for
disease progression and disease-specific mortality.

The distinction between cellular and acellular peritoneal
disease may be partly artificial, since presumably even in
cases with acellular deposits, neoplastic cells would have
had to be present at one point, in order to produce the
mucin. Supporting this hypothesis, studies that have looked
into adequate sampling considerations have found that
additional tissue blocks can help identify neoplastic cells in
~17% of instances, thus upstaging such cases to pM1b [52].
Importantly, out of 6 pM1a cases that recurred in our study,
4 (66.7%) did so with low-grade neoplastic epithelium,
raising the question of whether that had been the case, and
appropriate stage, all along. Nevertheless, the significant
differences in rates of disease progression and DSS among
these stage groups overall suggests that there are real, bio-
logically important distinctions between them. Perhaps it is
a matter of the number and/or density of neoplastic cells
present within peritoneal pools of mucin that determine both
long-term disease behavior as well as the rate at which they
are being detected [48, 53, 54].

As expected, we observed increasing treatment utiliza-
tion with higher LAMN stage. However, since this was not
an independent relationship, we attempted to incorporate a
measure of treatment response in the analysis of parameters
influencing disease progression by evaluating the success of
cytoreduction with CCS. Successful CRS was significantly
associated with lower rates of disease progression in mul-
tivariate analysis: 52.3% of patients with CCS 0-1 avoided
disease progression during clinical follow-up. In addition,
disease progression was significantly associated with AJCC/
TNM stage group even in patients with highly complete
CRS procedures, suggesting that LAMN stage remains the
most important predictor of patient outcomes. Two patients
with disease confined to the appendix (1 pTis and 1 pT3)
received HIPEC, but both had evidence of gross per-
foration in the appendix. In addition, 7 (58.3%) patients
with periappendiceal acellular mucin (pT4aMO) received
HIPEC, including three cases with gross perforation and
one with positive resection margin. Lack of established
guidelines regarding treatment recommendations in this
setting and confusion concerning terminology, classifica-
tion, and prognosis, probably contribute to treatment
overuse, which is not without adverse side effects.

Concerted efforts by pathologists to achieve and enforce
consensus in nomenclature, classification, and staging
would go a long way toward achieving more consistent
management approaches [55].

Interestingly, 4.7% of the patients in our study had a
concurrent diagnosis of IBD. While this is almost fourfold
higher that the prevalence of IBD in the U.S. general popu-
lation, our medical center is a major referral center for the
diagnosis, treatment, and surveillance of patients with IBD,
which would explain the increased rate in this patient cohort.
Most of these patients (7 of 9, 77.8%) had pTisMO stage
LAMNS, further suggesting that increased surveillance in
these patients, including with such modalities as colonoscopy
and CT scanning, may have led to increased detection of
incidental, early-stage LAMNSs. In addition, these patients
were evenly distributed among IBD subtypes (five ulcerative
colitis and four Crohn disease), arguing against inflammation
of the colonic mucosa being a predisposing or contributing
factor during the pathogenesis of LAMNs. Furthermore, even
though a concurrent IBD diagnosis was significantly corre-
lated with the absence of disease recurrence in univariate
analysis, the association disappeared once stage group was
incorporated during multivariate analysis. Finally, a large
case-control study did not find differences in the overall
prevalence of appendiceal mucinous cystadenomas between
patients with IBD and non-IBD controls [56].

There are some limitations in this retrospective study,
such as the possibility of selection and referral bias, given
that our medical center treats a large patient population with
these neoplasms. We tried to limit this effect by establishing
strictly defined and comprehensive inclusion and exclusion
criteria and by reviewing all consecutive cases identified
through our search. Sampling bias from differences in
handling gross pathology specimens or assaying for peri-
toneal disease during surgery could have influenced the
rates of detection of neoplastic epithelium in our cases.
Nevertheless, given that this is a series from a single
institution, the limited number of surgeons operating on
these patients and a uniform grossing procedure established
for the handling of such cases, should minimize this effect.
Our study had significant follow-up, particularly for patients
without disease progression (mean 48.7 months), thus
minimizing transfer bias and allowing us to interpret the
results with some confidence.

In conclusion, we report that disease progression in
LAMN:S is significantly associated with AJCC/TNM prog-
nostic stage groups, particularly as they pertain to the extent
and type of peritoneal disease at the time of diagnosis.
Patients with LAMNs having no peritoneal involvement
(pMO) incurred no disease progression during follow-up,
while those with peritoneal deposits containing neoplastic
cells (pM1b) demonstrated significantly worse outcomes and
those with intraperitoneal acellular mucin only (pMla) had
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intermediate risk of disease progression. Thus, while the
recent changes in AJCC/TNM staging classification are sup-
ported by our data, additional modifications specific to
LAMN:Ss, such as downstaging pT3, distinguishing cellular
from acellular mucin in the pT4a category, and separating
pMla from pM1b within prognostic stage group IVA, might
be warranted, especially if confirmed in future studies.
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