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ABSTRACT 

This paper describes a computer-based 
system for consultation in the diagnosis and 
therapy of glaucoma. The reasoning procedures 
interpret the findings of a part icular patient 
in terms of a causal-associational network 
(CASNET) model that characterizes the 
pathophysiological mechanisms and c l i n i ca l 
course of treated and untreated diseases. 

The major new features of th is 
CASNET/glaucoma program are: a) generation of 
detailed and medically acceptable 
interpretat ions from a qual i tat ive model of 
glaucoma; b) reasoning about detailed follow-up 
management of a patient; c) incorporation of 
al ternat ive expert opinions about subjects under 
debate; and d) i t s test ing and updating by a 
collaborative computer-based network of glaucoma 
researchers. 

INTRODUCTION 

Consultation with a special ist is often 
sought by a practi t ioner who encounters a 
par t icu lar ly complex case, or one that f a i l s to 
respond to conventional courses of therapy. The 
consultant brings to bear detailed and 
up-to-date information from research and 
c l i n i c a l practice in several pr incipal tasks: 
e l i c i t a t i o n of patient h is tory, performance of 
the physical examination, selection of tests to 
be performed, and the subsequent interpretat ion 
of the case and recommendations for therapy. A 
computer consultation system that incorporates 
the knowledge and experience of expert 
c l in ic ians can be a f lex ib le and useful tool for 
providing advice in at least three of the above 
tasks. 

In the past few years, a r t i f i c i a l 
intel l igence (AI) ideas and methods have been 
proposed and applied to problems of medical 
decision-making [1 ,2 ,3 ,4 ,5 ] . We have developed 
an approach that uses a causal-associational 
network (CASNET) model of disease to represent 
the medical knowledge to be used in reasoning 
about a given patient [ 1 ,2 ,6 ] . 
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In th is paper we report on a high 
performance consultation program for the 
diagnosis, prognosis, and therapy of glaucoma 
based on a CASNET model. This CASNET/glaucoma 
program provides consultation for complex 
c l i n i ca l cases, including those with involved 
histor ies and mult ip le follow-up v i s i t s . Our 
approach has, been to separate the descriptive 
model of disease from the decision-making 
strategies. Although the data base of medical 
knowledge constantly changes to incorporate 
current research, the strategies of 
decision-making should be able to "roam over" 
that data base without needing change. We also 
wanted a model of disease that could generate 
strategies for explanation, question-answering, 
teaching, and testing as well as those for 
diagnoses, prognoses, and therapies. Our 
representation is best suited for qual i tat ive 
descriptions of diseases as dynamically evolving 
processes. We use a causal network of events to 
express the mechanisms of the disease. This 
formal framework for the prediction and 
assessment of the time course of the disease 
before and after treatment has proven to be both 
an e f f i c ien t and rea l i s t i c representation for 
several types of diseases. Reasoning about the 
selection of long-term sequences of therapies 
based on an exp l i c i t descriptive model of 
disease is a characterist ic feature of the 
CASNET method, in contrast to MYCIN'S purely 
normative or rule-based approach[3], and the 
concentration on diagnostic reasoning that 
characterizes the INTERNIST [4] and Present 
I l lness [5,7] programs. Pople has compared the 
f i r s t three approaches in terms of thei r 
in ferent ia l methods [ 8 ] . 

An important characterist ic of our system 
is that it can present al ternat ive opinions 
derived from di f ferent consultants. To obtain a 
variety of opinions we have established a 
national network of collaborating 
investigator-consultants who share in the 
development and testing of the program [ 9 ] . 
This Ophthalmological Network, or ONET, includes 
glaucoma researchers at the Mt. Sinai School of 
Medicine, Washington University, Johns Hopkins 
University, the University of I l l i n o i s at 
Chicago, and the University of Miami. The ONET 
members present the computer consultation 
program with a variety of complex cases, and 
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weigh i t s performance against the i r own 
judgements. Their subsequent suggestions are 
used to ref ine the diagnostic and therapeutic 
recommendations, to improve the system's 
assessment of signs and symptoms, and to perfect 
specif ic techniques for acquiring and displaying 
c l i n i ca l data. A model-building and edit ing 
program for designing CASNET-type models has 
also been developed [10 ] . This f ac i l i t a tes the 
incorporation of new information into the 
glaucoma model or other models of disease. To 
establish a data base composed of the glaucoma 
cases presented to the system, we have designed 
data analysis programs [11] compatible with our 
models. These permit a review of individual 
cases over time, as well as the selection of 
groups of cases according to specified 
conditions. One of our goals is to develop a 
mechanism for the routine inclusion of 
s ign i f icant new resul ts from current research. 
Because these are included in the program as 
they are produced by c l i n i c a l researchers, they 
enhance the program's capabi l i t ies as a teaching 
tool as well as a consultant. 

DESCRIPTION OF THE PROBLEM DOMAIN 

Our fundamental approach has been to 
develop methods for describing diseases in terms 
of models that incorporate current medical 
knowledge from a variety of sources. Because we 
wished to include in our model a detailed 
description of the disease process, we 
restr ic ted our i n i t i a l design to a medical 
problem that is well-defined and circumscribed, 
yet important enough to e l i c i t interest from the 
c l i n i c a l research community. Glaucoma was 
chosen with these constraints in mind. The eye 
can be adequately described in terms of 
re la t i ve ly few anatomical structures, and 
glaucoma is a disease whose mechanisms are 
largely l imited to the eye. Yet, glaucoma is a 
leading cause of blindness in the United States, 
and a disease whose subtlet ies are often 
overlooked un t i l irreparable loss of vision has 
occurred. 

Several prototype models of diseases other 
than glaucoma have been developed using the 
CASNET representation (e .g . diabetes, anemias, 
thyroid .diseases). In comparing these 
experiences, we have obtained some insight into 
the advantages and l imi ta t ions of the CASNET 
modeling approach. When an understanding of the 
mechanisms of disease serves as a basis for 
decision-making, the CASNET approach is most 
valuable. When reasoning is mostly judgmental, 
and based more on empirical information than 
knowledge of the disease mechanisms, other 
decision models may prove more 
appropriate [3 ,12] . 

The mechanisms of glaucoma [13,14 are 
su f f i c ien t ly well known that they can be used to 
explain most of the observed patterns of patient 
findings in terms of causal models, at least to 
a f i r s t approximation. Although some aspects of 
the disease are as yet not well understood, 
those mechanisms that are known provide a 
rat ional framework for diagnostic interpretat ion 
and therapeutic planning. In glaucoma, 
understanding of the d i f ferent al ternat ive 
mechanisms and causative factors d i rec t l y 
affects choices of therapies. A c l i n i c a l l y 
useful in-depth model can thus be developed. In 
contrast, less well-understood diseases, such as 
inflammatory disorders within the eye, would be 
poor choices for developing a prototype model, 
because they fol low a more varied and 
unpredictable course for which detailed 
mechanisms are as yet poorly understood. 

CAUSAL ASSOCIATIONAL NETWORK (CASNET) MODELS 

A causal-associational network is a 
part icular type of semantic network [15] 
designed to describe: 
a) pathophysiological mechanisms by causal 

pathways, 
b) external observations by an associational 

structure related to the pathophysiological 
states, 

c) diseases by c lassi f icat ions imposed on the 
above. 

CASNET models can be used to describe many 
d i f ferent complex processes, although we have 
developed them to describe pathophysiological 
medical events [ 6 ] . Knowledge, in our scheme, 
is represented by three types of data elements, 
corresponding to the three kinds of description 
outlined above. These are: observations of the 
patient; states of the causal net; and the 
diagnostic, prognostic, and therapeutic 
categories. Observations are the d i rect 
evidence obtained about a pat ient. 
Pathophysiological states are intermediate 
constructs that describe conditions or 
mechanisms that sunmarize results from many 
d i f ferent observations. Categories of disease 
are conceptually at the highest level of 
abstraction, stmmarizing both states and 
observations. An i l l u s t r a t i v e example is shown 
in Figure 1. 

Typical relationships between the elements 
are as fol lows: 

a)Observations-to-state: 
((Decreased Visual Acuity) AND (Perimetry: 
Paracentral Scotoma)) —implies—> (Field Loss) 
with strong confidence (Level 4). 

b)State-to-state: 
(Elevated Intraocular Pressure) —causes— > 
(Field Loss)) with frequency (often - level 
0 .3) . 
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c)State-to-disease category: (Elevated 
Intraocular Pressure) AND (no(Field Loss)) 
—implies—> (High Risk Glaucoma Suspect) under 
the condition that (Open Angle Glaucoma 
Mechanism) has been confirmed. 

THE CONSULTATION PROGRAM; CASNET/glaucoma 

CASNET/glaucoma is an interact ive program 
running in 35K words of memory on the PDP-10 
computer under either the TOPs-10 or TENEX 
operating systems. Because of speed and 
eff ic iency considerations, i t is writ ten in 
FORTRAN. Modifications and updating of the 
glaucoma model are carried out by interact ion 
with a separate edit ing program [10 ] , wri t ten in 
SNOBOL. This program checks the model for 
consistency and compiles it so that it w i l l run 
e f f i c i en t l y under CASNET/glaucoma. 

Diagnostic Interpretat ion: 

Diagnosis is implemented by f i r s t 
interpret ing the pat ient 's observations in terms 
of their underlying pathophysiological states. 
A three-valued logic (confirmed, denied, 
undetermined) is used to summarize the t ruth 
value of each state taken as a hypothesis for 
the patient. The t ru th value is derived by 
sett ing a threshold on the confidence measures 
of a l l applicable observation-to-state mappings. 
Diagnoses are then triggered by various 
configurations of confirmed and denied states 
within the causal network. 

An important aspect of our approach is that 
we consider diagnostic interpretat ion to be much 
more than the simple assignment of a patient to 
some pre-specified category. Evaluation of the 
pat ient 's status is an on-going dynamic process. 
The pat ient 's c l i n i ca l status is re-evaluated on 
successive v i s i t s as changes in the presenting 
signs occur. The causal model summarizes the 
f indings, and guides in the construction of 
diagnostic and prognostic hypotheses. These 
hypotheses may be simple hypotheses, such as 
"very elevated -intraocular pressure" or more 
complex hypotheses (composed of a set of related 
simple hypotheses) such as "chronic angle 
closure glaucoma." A l l hypotheses may include 
modifiers that further specify a condition by 
i t s in tens i ty , duration, progression, 
topographical d is t r ibu t ion , or other 
characterizing features. 

In addit ion, the statement of the 
hypothesis w i l l often include a qua l i ta t ive , 
verbal estimate of i t s degree of confirmation 
(e .g . "very strong l ikel ihood of developing 
f i e ld loss" ) . Thus, although several measures 
of confirmation are used in the computations 
that lead to the selection of the elements that 
form a hypothesis, no exp l i c i t weight has been 

attached to a hypothesis i t s e l f . This has been 
adequate for glaucoma. Extensions of the CASNET 
model approach may involve the assignment of 
weights for ranking hypotheses. 

Generation of Treatment Recommendations 

Among the major factors affect ing therapy 
select ion, we consider current diagnostic 
status, past h is tory , and the desired expected 
outcome for the pat ient. Once the patient is 
undergoing treatment, the effectiveness of the 
current medication must be assessed, and new 
factors considered, such as side ef fects , 
complications of the disease for which the 
current therapy is not e f fec t ive, conditions not 
detected at the i n i t i a l v i s i t , e tc . An 
important aspect of our system is that it does 
not "freeze" past diagnoses as a permanent 
in terpretat ion, though past diagnoses can be 
recal led. At each follow-up v i s i t , the ent ire 
past history and set of updated findings are 
re-evaluated, and the poss ib i l i t y of a modified 
diagnosis considered. 

The main representational elements that 
enter into the generation of a therapy 
recommendation are i l lus t ra ted in Figure 2. 
Each diagnostic conclusion points to a general 
class of therapies, represented as a ranked 
preference l i s t of specif ic therapy states. The 
glaucoma experts have been able to specify 
various typical sequences of treatments that 
they fol low as the disease f a i l s to be 
adequately controlled by a therapy at the 
previous stage. Thus, the ranking within each 
general class re f lec ts an increasing degree of 
severity in the disease and the corresponding 
treatment. To choose a specif ic therapy within 
a given general class, the detailed findings of 
the individual patient must be taken into 
consideration. Factors that do not d i rec t l y 
bear on the diagnostic interpretat ion 
(a l lerg ies, occupational constraints, etc.) 
often affect the choice of therapy. Each 
specif ic therapy state is assigned a weight, 
derived from the observations, indicat ing a 
measure of confidence in the success of a 
treatment. The treatment with the highest 
weight is selected from the l i s t of treatments 
within a single general class. This scheme 
permits encoding of conditions that tr igger 
selection of a therapy at a higher level of 
severi ty, bypassing the lower-ranked ones 
(indicated by t rans i t ion paths in Figure 2 ) . 
For example, if progression of visual f i e l d loss 
occurs more rapidly than expected, a higher 
dosage of the control l ing medication is l i k e l y 
to be suggested. 

I f several d i f ferent treatment 
recommendations classes are derived frocri the 
diagnostic conclusions a master l i s t is 
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consulted to see if any of the tentat ively 
recommended treatments is covered by the others 
and is therefore unnecessary, or if there is the 
poss ib i l i t y of drug interactions or i f there is 
some binocular constraint that must be taken 
into account. Such res t r i c t ion rules are 
indicated by the arrows labelled R1,R2,R3 in 
Figure 2. If complications arise from a 
treatment, or i f the or ig ina l diagnosis is 
subsequently found to be incorrect, th i s w i l l 
lead to a new diagnostic categorization of the 
pat ient, which in turn w i l l lead to the 
selection of a new general class of therapies. 

Further Information and Research Studies 

There are currently over 200 possible 
diagnosis and therapy statements, many of which 
are not mutually exclusive. For most cases, 
more than a single statement w i l l be 
appropriate. These conclusions and 
recommendations are often explanatory in nature, 
and summarize par t icu lar ly s igni f icant features 
of a case. These statements re f lec t the 
judgement of our panel of experts and may 
contain al ternat ive recommendations for 
diagnoses and therapies. Even so, they must be 
concise and b r ie f . Another section of the 
program has been designed to amplify the 
conclusions in some cases. It emphasizes 
c i ta t ions from research studies, and quotations 
from experts to support the program's 
conclusions. Part ia l or al ternat ive resul ts 
from studies that may not yet be ready for 
incorporation into the logic of the model are 

.also included here. The diagnostic and therapy 
recommendations, for a patient with pigmentary 
glaucoma, followed over an extended period of 
time, are i l lus t ra ted in Figure 3. The 
additional commentary on th is form of glaucoma 
is shown for the f i r s t v i s i t of th i s pat ient. 

RESULTS AND DISCUSSION 

The consultation program was developed in 
the course of an investigation into the use of 
a r t i f i c i a l intel l igence approaches to the 
representation of disease processes for 
computer-based consultation. From th is evolved 
the causal associational network (CASNET) 
representation, with glaucoma chosen as the 
disease which would serve for the development of 
a prototype program. As work progressed, the 
goals became more c lear ly those of developing an 
expert consultation system, in collaboration 
with a network of glaucoma researchers. 

Because the program's logic is contained in 
general strategies that analyze the CASNET 
model, it is re la t i ve ly easy to incorporate new 
medical knowledge or improve exist ing parts of 
the model by increasing i t s depth and breadth of 
descript ion. The prototype model, which covered 

the description of the disease in a single eye 
for a single v i s i t of the pat ient, was succeeded 
by a binocular model, which in turn evolved into 
a model that incorporated follow-up v i s i t 
information. 

Early in our work, we collected a sample of 
40 d i f f i c u l t cases. I n i t i a l l y , the program did 
not c lassi fy (diagnose) a l l cases correct ly . 
However, as our model improved, it was soon able 
to diagnose the 40 cases correct ly . This resul t 
demonstrated, at a re la t i ve ly early stage, that 
our approach did provide an incremental means of 
improving the program's performance. We became 
confident that poor or inaccurate conclusions 
could be corrected, that cases diagnosed 
correctly would remain correct, and that 
diagnostic and therapeutic recommendations could 
be improved. 

This f i r s t cycle of development was 
followed by a second stage, which began when an 
improved prototype of the glaucoma consultation 
program was presented at the annual meeting of 
the Association for Research in Vision and 
Ophthalmology in 1973. Interest in the program, 
arising from th is demonstration of i t s 
capabi l i t ies , led to the collaboration with 
several expert glaucoma researchers. It was 
hoped that their advice would resul t in a 
program that could provide consultation at a 
sophisticated leve l . Another motivation for 
th is approach was the authors' desire to test 
the app l icab i l i t y of the consultation system as 
a tool for c l i n i ca l research. The consultation 
system would serve as a point of entry for 
d i f f i c u l t c l i n i ca l cases. A data base of such 
cases would then be accumulated to test the 
consultation program. S ta t i s t i ca l analysis of 
the data might provide new insights into the 
disease process i t s e l f . 

Since 1975, researchers from the f ive 
d i f ferent medical centers part ic ipat ing in the 
Ophthalmological Network (ONET) have been 
accessing and testing the glaucoma consulation 
program. Each has chosen a sub-specialty of 
glaucoma for testing and developing the program 
in depth. Many subt let ies of description and 
reasoning in several types of glaucoma (primary 
open angle, angle closure, and the secondary 
glaucomas) have been added in th is manner. In 
addition each ONET member is free to enter any 
case of glaucoma, and is also able to review the 
cases entered by his colleagues. There are 
periodic meetings of the ONET group at which 
opinions on the d i f ferent glaucoma topics are 
discussed and compared. Thus, the sources for 
al ternat ive opinions that are incorporated into 
the program include: a)an ONET member's 
comments about another's cases; b)suggestions 
by the originator of a case on al ternat ive 
conclusions; c)systematic review by the 
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computer science group, which discovers 
di f ferences in the handling of s imi lar cases; 
d)review of the research l i t e r a t u r e that 
suggests new a l te rna t i ves . 

Although we current ly have several hundred 
cases on f i l e , i t i s d i f f i c u l t to evaluate 
progran performance in a simple manner. 
Classi fy ing conclusions as being merely correct 
or incorrect is an overs imp l i f i ca t ion . The 
program's conclusions are presented not as 
single unique diagnoses but rather as 
cambinations of Judgments about a pa t ien t ' s 
s ta tus. These may include such factors as: the 
type and severi ty of disease, evaluation of 
current therapy, and recommendations for future 
tes t ing or therapy. In an object ive evaluation 
of program performance, each of these elements 
must be considered. Most of the cases selected 
by our c l i n i c a l col laborators are complex and 
d i f f i c u l t ones requir ing expert judgment. Our 
sample of cases has thus been de l ibera te ly 
biased to enable us to develop an expert 
consultant program rather than one that merely 
does wel l in a large percentage of t yp ica l 
glaucoma cases. The ONET members have estimated 
that the program arr ives at reasonable and often 
sophisticated judgments in about 75% of the 
d i f f i c u l t cases of glaucoma [16 ] . 

The CASNET/glaucoma system was subject to 
an intensive evaluation by a large and varied 
group of ophthalmologists during the 1976 
meeting of the American Academy of Ophthalmology 
and Otolaryngology. The consultat ion program 
was used to summarize resu l ts of cases and 
present i t s recommendations, contrast ing them to 
the opinions of a panel of experts, at the 
glaucoma symposium jus t preceding the formal 
opening of the Academy convention. The cases 
had been entered into the computer in advance of 
the symposium, but the program's conclusions 
were l e f t unaltered. The panel gave a var ie ty 
of opinions about the cases, and in almost a l l 
of them the program included in i t s a l ternat ives 
the main in terpre ta t ion given by the panel. 

We also tested the program in a more 
detai led manner. It was one of the s c i e n t i f i c 
exhib i ts at the Academy meeting. It was 
displayed and made avai lable for tes t ing by a l l 
conference attendees. Evaluation questionnaires 
were f i l l e d out by those ophthalmologists who 
tested the program. Forty nine responses were 
obtained. The resu l ts are summarized in Table 
I . 

A 95% acceptance rate for c l i n i c a l 
prof ic iency in the sample questioned is high 
given the amount of unknown mater ial presented 
to the consultat ion system by the 
ophthalmologists, who were encouraged to test it 
with the i r d i f f i c u l t cases. The two cases (5%) 

in which the program was judged to perform 
inadequately corresponded to s i tuat ions in which 
diseases other than glaucoma formed a 
s ign i f i can t part of the diagnosis, and the 
appropriate information had not yet been 
included in the model. The 77% rate of high 
competence (the "expert" and "very competent" 
responses) ascribed to the system by t h i s 
independent sample of ophthalmologists accords 
wel l with the previously c i ted judgement of our 
glaucoma col laborators. Ef for ts current ly being 
devoted to including a l ternat ive expert opinions 
in complex cases are expected to improve th i s 
performance index in the coming year. The 
answers to the second question l i s t ed in Table I 
indicate the strong potent ia l that the 
ophthalmologists saw in using the consultat ion 
program as a support too l for organizing 
c l i n i c a l t r i a l s , and for summarizing and 
analyzing the i r r esu l t s . 

I t is in terest ing to observe the 
di f ferences between the responses to the second 
and th i rd questions. Clear ly , the 
ophthalmologists see an important ul t imate 
contr ibut ion to health care (87% for very or 
moderately important) , but t h i s is secondary to 
the app l i cab i l i t y to glaucoma research (95% for 
the two top responses). 
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*DIAGNOSIS AND THERAPY* 

* * * * * V I S I T 1 : 

♦ RIGHT EYE: * 

(1) PRESENT DIAGNOSTIC STATUS: 

PIGMENTARY GLAUCOMA. OPEN ANGLE GLAUCOMA, 
CHARACTERISTIC VISUAL FIELD LOSS WITH 
CORRESPONDING DISC CHANGES. EARLY FIELD LOSS. 

(2) TREATMENT RECOMMENDATIONS: 

PILOCARPINE 2% QID. 

****RESEARCH STUDIES**** 

ALTERNATIVE INTERPRETATIONS OF PIGMENTARY 
GLAUCOMA: 

.SECONDARY GLAUCOMA 

.PRIMARY OPEN ANGLE GLAUCOMA 
REFERENCES: 
1. "WHEN PIGMENTARY GLAUCOMA WAS FIRST 
DESCRIBED IT WAS THOUGHT TO BE A FORM OF 
SECONDARY GLAUCOMA CAUSED BY PLUGGING OF THE 
TRABECULAR MESHWORK BY THE SAME PIGMENT THAT 
FORMED THE KRUKENBERG'S SPINDLES. HOWEVER, AN 
INCREASING NUMBER OF OBSERVERS NOW BELIEVE 
THAT IT IS A VARIANT OF PRIMARY OPEN- ANGLE 
GLAUCOMA (WILENSKY, PODOS - 1975, 
TRANSACTIONS-NEW ORLEANS ACAD. OPHTH.) 
2. MORE RECENT EVIDENCE SUGGESTS THAT 
PIGMENTARY GLAUCOMA IS A SEPARATE ENTITY. . . 
(ZINK,PALMBERG, ET AL. A . J . O . , SEPT. 1975) 

* * * * * V I S I T 7 : 

* RIGHT EYE: * 

(1) PRESENT DIAGNOSTIC STATU5: 

PIGMENTARY GLAUCOMA. OPEN ANGLE GLAUCOMA. 
CHARACTERISTIC VISUAL FIELD LOSS WITH 
CORRESPONDING DISC CHANGES. ADVANCED FIELD 
LOSS. CURRENT MEDICATION HAS NOT CONTROLLED 
IOP IN THIS EYE. (AS INDICATED BY PROGRESSION 
OF CUPPING) (AS INDICATED BY VISUAL FIELD LOSS 
PROGRESSION) 

(2) TREATMENT RECOMMENDATIONS: 

FILTERING SURGERY IS INDICATED. AS AN 
ALTERNATIVE, PHOSPHOLINE MAY BE TRIED (BUT NOT 
USED 2 WEEKS BEFORE SURGERY). 

F igure 3. Example of d iagnos i s and therapy f o r 
a case of p igmentary glaucoma, abs t rac ted from a 
sequence o f seven v i s i t s . 
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