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SUMMARY

An experl system has been written Lo assistin troubleshooting 21 high-perform-
ance liquid chromatographic (HPLC) assay methods frequently performed in our
laboratories. The knowledge used in this expert system includes the facts, heuristics
(rules-of~thumb based on experience that provides short cuts over a strict textbook
approach to a problem) and problem-solving strategies for diagnosing problems that
occur in HPLC assay methods. The expert system operates by gathering necessary
data from a user, analyzing the assay parameter, determining thc most prabable
causes of the problem and displaying its conclusions together with justifications for its
diagnosis. Data are quickly and easily entered by a nser through the use of a note-
book-style form that is displayed on a PC screen. The expert system analyzes the
assuy problem based on user-supplied chromatographic symptoms and selectivity,
capacity factor (k) and resolution (R,) that are derived from the data. Once the
system has diagnosed the most probable causes, it prints these out ranked in order of
most likely causes and proceeds lor further in-depth troubleshooting,

INTRODUCTION

An expert system i3 a computer program that performs tasks in a particular
domain or subject area, using knowledge gained through years of experience from a
human expert. Expert systems are being developed for a number of different rcasons:
to preserve knowledge within a company or department when an expert retires, to
reduce the amount of time required to perform a given task, to allow less experienced
people to access easily expert-level knowledge, to act as a training tool, ete,

Expert systems are amenable to high-performance liquid chromatography
(HPLC), as HPLC systems are complex, consisting ol multiplc instruments that re-
quirc frequent attention. Several tools exist to aid in troubleshooting HPLC assays
and system components. Textual information to aid in troubleshooting HPLC sys-
tems is available’-?; however, often it is not specific to the type of problem encoun-
tered in (he pharmaceulical industry and, owing to the need for cxiensive interpreta-
lion, it is not readily available in a crisis situation. The HPLC Doctor, a PC-based
HPLC troubleshooting program, is being marketed by LC Resources (Latayctte, CA,
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U.5.A.). However, the program was found to be limiled in scope and not specific to
the types of instrumentation and chromatographic conditions utilized in our lab-
oratories specializing in HPLC assays. An expert system, Expert Chromatographic
Assistance Team (ECAT), is being developed by Varian (Walnut Creek, CA, U.S.A))
to perform the task of designing, analyzing, optirizing and troubleshooting HPLC
methods®. ECAT is written in Zetalisp, a specialized artificial intelligence language,
and operates on a Symbolic 3670 workstation. This program will require considerable
refinement and further input from the scientific community in order to meet its ambi-
tious ohjectives.

This paper describes the knowledge domain of the knowledge-based expert
system program. The knowledge-based programming technique* > was utilized previ-
ously by us to consiruct two expert system programs, the Expert Microbiological
Decision Advisory System (XMiDAS)® and the Expert Troubleshooting Gel-Clot
Limulus Amebocyte Lysate (LAL) for bacterial endotoxin assay’.

EXPERIMENTAL

Operating environment

The HPLC troubleshooting advisory system was developed on an 1BM PC/AT
using the M.1 (version 2.1) software (Cimflex-Teknowledge, Palo Alto, CA, U.S.A)).
M.1 is rule-based expert system software which uses inference (moduy ponens), depth
first and hackward chaining scarch processes to solve problems. M.1 deals with un-
certainty associated with human decision making by use of a certainty factor devel-
oped for the MYCIN Expert System by Buchanan and Shortliffe®. The capability of
M.1 in dealing with uncertainty is utilized in the program 1o weigh evidence and
thereby establish priority for efficient troubleshooting.

In order to collect pertinent information, notebook-style data entry formats
were constructed using Windows for Data software (Vermont Creative Software,
Richford, VT, U.S.A.). Eight graphic panecls were drawn using HALO Graphics
version 2.26a and Dr. HALO IIT software (Media Cybernetics, Silver Spring. MD
U.S.A). A typical graph is presented in Fig. 1. The data entry formats, graphics and
database file are linked with M.1 software using an exlernal call function developed
by us using C language. The program developed can be distributed through the VAX
network or by sending six 360K floppy diskettes to run on an IBM PC under DOS
version 3.10 and higher operating environment.

Knowledge domain

The knowledge domain residing in the program was obtained from publica-
tions** 12 and chromatographic expertise residing in the Pharmaccutical Quality
Control Division of The Upjohn Company (Kalamazoo, MI, U.8.A.). The program
contains files specific to 21 HPLC assay methods frequently performed in our lab-
oratories. The program uses four notebook-style data entry formats to facilitate col-
lection of pertinent assay information, such as lheoretical plate number, mobile phase
flow-rate, column pressure and peak retention lime. Selectivity, capacity factor (&%)
and resolution (R,) are calculated from the data Lo evaluate peak elution character-
istics (Table T). A chromatographer’s observations/symptoms, such as the presence of
ghost peak, peak shapes. bascline noise, pressure problems, short column life, assay
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Fig. 1. Graphic illusirating superimposed, actual sample {upper) and impurity sample {lower), reversed-
phase HPLC traces [or erythromyein ethylsuccinate to aid in peak identification.

relative standard deviation (R.5.D.) and shifting retention times, are also used to
analyze the assay problem.

The diagnosed probable causes of the assay problem having a certainty of
grcater than 30% are listed according to their degree of certainty. Rationale to sup-
port the diagnosis is also presented. The two most probable causes are selected for
interactive, in-depth troubleshooting. As this is a beta-test version, user’s comments
are frequently requested to criticize and improve the utility of the program. The style
ol consultation format used in the program and input of raw data to analyze chroma-
tographic performance, have been sclected with the idea of eventually imbedding the
program in the LIMS/VAX cnvironment o cvaluate automatically and continuously
chromatographic perfermance during each HPLC assay run. This would allow on-
line troubleshooting of HPLC assays, provide for multiple users of the system over a
network and lacilitate sharing of useful troubleshooting experience and knowledge
throughout our organization.

RESUILTS AND DISCUSSION
Developing an expert system

Expert systems require that the purpose of the system, the actual application
arca, polential users and source ol expertise be identified before development can
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TABLE I
CALCULATED DATA PRIKT-OUT FORMAT

HPLC troubleshooting advisory system

Date: 04/20/89 Time: 08:13:57
User Name: K. Tsuji
HPLC Assay for: Erythromycin Ethylsuccinate
Analytical Column: Tovo Soda ODS

Columun pressure: 750 psi
Column temperature; T0L0 degree C.

Theoretical Plate: 1500 per column

Calculated using the actual value,

alphit: 1.4
peak 1 capacity factor: 4.1
pcak 2 capacity factor: 2.9
resolution: 3.1

Muohbile Phase Composition,

percent am-acetate: 60%
percent water: 30%
percent acetonitrile: 10%
PH: 7.4

Actual Flow-rate: 1.0 ml/min

begin. The aim of our project was to construct an expert sysicm that would advise an
entry-level laboratory technician to diagnose problems in an HPLC sysiem. The
sources of the expertise were publications'-*'? and chromatographic experts in the
Pharmaceutical Quality Control Division of the Upjohn Company.

Appropriate computer hardware and software must meet our selection criteria.
The expert system has to run on computer hardware that is readily availuble in our
laboratories and is fairly inexpensive, Expert systems often require that the following
types of software be selected: an expert system shell program, graphics package (for
displaying diagrams to the user), programming language and database. The HPLC
troubleshooting advisory system was developed using an 1BM PC/AT as the comput-
er hardware. Softwarc used by the system includes M.1, Windows for Data (for
developing data entry forms), Dr. Halo (graphics), Dr. Halo TII (graphics) and
DBASE III (datlabase).

As there are varieties of HPLC assay methods and numerous types of problems
that can occur with them, the decision was made to focus the development of the
system on problems that occur with normal and reversed-phase isocratic chromato-
graphy with UV detection. Twenty-one HPLC assay methods frequently performed
in our laboratories were selected.

Development of the expert system begins with a knowledge acquisition session.
The developer of the expert system, or knowledge engincer, extracts information [rom
the experts, analyzes and organizes the knowledge and represents that information in
a computer program. The development ol a knowledge system is an interactive
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process, one of knowledge acquisition, implementation, testing and expert feedback.
This process repeats itself each time Lthe expert system is expanded to handle more and
different types of problems in the domain.

Design of the HPLC troubleshooting advisory system. The problem-solving ap-
proach of the HPLC troubleshooting advisory system is as follows:

(1) gather symptoms and other relevant information from the laboratory tech-
nician;

(2) derive selectivity, capacity factor (£") and resolution (R,) from the data;

(3) analyze the assay problem, obtaining more data if necessary;

(4) diagnose the most probable causes of the problem:;

(3) print oul the probable causes ranked in order of most likely causes and
justifications for those decisions;

{6) in-depth troubleshooting of highly ranked causes to identify the source of
the problem.

The development of each of these steps is described in more detail below.

Daia entry. Data are quickly and easily entered by the laboratory technician
throngh the use of four notebook-style forms that are displuyed on the PC sereen.
These forms facilitate the collection of information such as theoretical plate number,
maobile phase flow-rate, column pressure, peak retention time, ete. An example of one
form is shown in Table II.

Analyze assay problem. Assay problems are analyzed based on user-supplied
chromatographic symptoms and selectivity, capacity factors and resolutions that are
derived from the entered data. The program evaluates the chromatographic param-
eters using the following rules-of-thumb:

(1) The analytical column in use must be packed with the same column packing
material as specified in the procedure.

{2) Unless specified, the accepted column temperature is between 16 and 27°C.
Temperatures less than 16°C are considered too low and those higher than 27°C too
high. If an assay requires an elevated column temperature, a deviation of £1°C is
permitted from that specified in the procedure.

{3) The program permits a deviation of the mobile phase pH if'it is within +0.1
of that specified in the procedure. Exceptional (out of the limit) pI by itsell may not
initiate action unless it is coupled with other exceptional symptoms.

TABLE 11
CHROMATOGRAPHIC SYMPTOMS;/OBSERVATIONS INPUT BY A USER

Asymmetric peak Shifting retention times
Broad peak Spike in bascline

Split peak Cyclic drift of baseline
Talling peak Continuous drift of baseline
Ghost peak Sudden shilt of baseline
Negative diflraction Unsteady pressure
Incounsisient internal standard peak height Pulsation

Low detector responses Sudden loss of pressure
Short column life Sudden increase of pressure

High R.S.1.
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(4) The mobile phase flow-rate is compared with that specified in the procedure.
Flow-rate is considered exceptional if it is over 1.15x or less than 0.85x of the
flow-rate specified in the procedure. A flow-rate of less than 0.2 ml/min is considered
as no flow.

(5) A column pressure of less than 800 p.s.i. is considered too low and that of
over 3000 p.s.i. too high. A column pressure of less than 200 p.s.i. is considered as no
pressure.

(6) Most HPLC assays performed in our laboratories use a major component
peak and an internal standard peak to calculate the resolution factor. As these two
peaks are approximately equal in height, a band-width ratio of 1:1 is used to deter-
mine peak resolulion characteristics from the R, value. An R, of over 1.25 is consid-
ered acceptable, between 1.25 and 1.0 as fair and less than 1.0 as peak coelution!+!2,

(7) A theoretical plate number (#) per column of between 900 and 1200 is
considered fair and less than 900 as poor.

(8) The following windows (limits) have been set around the ideal capacitly
factor (k") to evaluate peak elution characteristics:

Too Teo
fast Fast Q.K. O.K. Slow 5low
k'-025k"  K-01K K ke QK k40254

When the capacity factor of a peak is greater than & + 0.25k", the peak is considered
to elute too slowly. When a peak elutes between £° + 0.1%" and & + 0.25%', it is
considered as eluting slowly, between &' — 0.14" and &' — 0.25k" as eluting fast and
less than &° — 0.254" as eluting too fast. If elution of a non-retained peak takes over
8.0 min. chromatography is considered too slow. When an internal standard peak
eluies but not the sample peak, the program noles “no sample peak cluting”. When
the solvent peak elutes but not an internal standard or sample pezk, the program
notes “only solvent eluting”. When no peak elutes, the program notes “no peak
eluting™.

Possible problematic chromatographic symptoms provided by a user may in-
clude such items as listed in Table 11. The entry of misshaped chromatographic peaks
is aided by the graphs typified in Fig. 2.

Diagnoesis. 'rom the combination of chromatographic parameters and chroma-
tographic obscrvalions and symptoms, the program uses infercnce mechanisms to
diagnose the probiem. Probable causes of the assay problem are listed uccording to
their certainty and reasons to support the diagnosis are presented. The two most
probable causes of the problem will then be interactively examined to troubleshoot
the problem.

Certainty factor. The certainty factor is used to control flow of logic. For cxam-
ple, when the chromatographic data indicate that no peak is eluting by detecting no
column pressure and no mobile phase flow, the program asks if HPLC instruments,
e.g., pump, detector and recorder are turned on and delector wavelength is set as
specified in the procedure, When the user confirms that all these instruments are on
and the wavelength is properly set, the program concludes that there is a 98% certain-
ty that a diagnosis *pump lost prime’” is true. When the diagnosis is supported by less
evidence then the certainty of the diagnosis becomes low. For example, if “*no column
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Fig. 2. Graphic to aid in computer entry of misshaped peaks.

pressure” is the only supporting evidence, then a low certainty (40%) accompanies
the diagnosis. When additional evidence supports the diagnosis, e.g., (1) no peak
elutes, (2) no column pressure and (3) no flow of the mobile phase, the certainty
increases 1o 70%.

Consultarion sub-modules. Use of an analytical column not specified in the pro-
cedure prompts a warning, “use of a wrong column”, regardless of whether a chro-
matographic parameter shows any problem. The interactive consultation continues
and the degree of certainty for the diagnosis increases when additional evidence, such
as sub-optimum peak resolution and/or low cffective plate number, is noted.

When the existence of a dead volume is strongly suspected as the cause of a
broad peak, the consultation may use the following four consultation sub-modules:
(1) tubing size, (2) tubing connector, (3) lube cutting technique and (4) ferrule. Each
sub-module consist of question and answer sessions and recommendations. These
sub-modules integrate during consultation and operate in the following manner:

... [When system suspects the existence of dead volume.]

Are you using a pre-cul 0.007-in. internal diameter (1.D.) or a smaller 1.D. tubing
between the column and the detector?
> > Yes.

We suspect that loss of column performance may be due to incorrect plumbing
creating dead volume. Dead volume is a gap or space between the connecting tubing
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IDead Volume Problem|
Dead Uaolume Coluwn Packing
Column / /

Column Head

Mut Ferrule

Low Dead Volume Connector

/

/

Dead Volume Nermal Connection

Fig. 3. Cut-away diagram ol tubing connections illustrating location of two common dead volume sit-
uations.

or between tubing and a column. Extra volume mixes samples and causes turbulence
which impedes separation of compounds. Dead volume must be avoided to achieve
successful separation of chromatographic peaks,

... [System now displays a diagram (Fig. 3) on the screen].

RECOMMENDATION:

(i) We recommend the use of a pre-cut stainless-steel 0.007-in. [.DD. connecting
tubing. Tt is difficult to make a clean cut necessary to obtain the maximum peak
resolution. However, if you must cut your own tubing, use a tubing cutter specifically
designed to produce smooth burr-free cuts. Use a file carefully to remove burr and
smooth the surface of the cuts.

(ii) Tubing connecting the analytical column and detector must be as short as
possible; it must be one continuous line with an L.D. of 0.007 in. or less. Never use
tubing having an I.D. greater than 0.01 in.

Example session with the HPLC troubleshooting advisory system
... [System suspects loss of pump prime] (Table 111I).
Consultation I:

Examing the solvent tubing in the mobile phase reservoir,
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TABLE I11
EXAMPLE SESSION TO TROUBLESHOOT “LOSS OF PUMP PRIME” PROBLEM

System prompis Uiser's input

CONSULTATION 1.
Examine the solvent tubing in the mobile phase reservoir.

Does the end of the tubing reach the mobile phase fluid level? Yes
Check the heighl of the mobile phase reservoir.

Is the mobile phase reservoir located higher than the pump head? No
Recommendalion:

The mobile phase reservoir musi be located higher than the pump head ta
maintain an adequate pump prime.
End of consultation

CONSULTATION 2:
Examine the solvent tubing in the mobile phase reservoir.
[Does the end of the tubing reach the mobile phase Auid level? Yes
Check the height of the mobile phase reservoir,
Is the mabile phase reservoir lacated higher than the pump head? Yeas
Examine the pump high-pressure limit switch setting.
Is the pump pressure limit switch set at or above 3000 p.s.i. Yes
Are you stll losing pump prime? Yes
Statement:
Since your pump continues losing prime. the possibility exists that an “air
lock™ has formed in your pump head assembly. An air lock is created when
(1) insufficiently degassed phase is used and/or {2) leakage of air from the
low-pressure side of the pump.
Statement:
Pislon action creates vacuum which draws the mobile phase into the pump
head. An insufficiently degassed mobile phase forms air bubbles by vacuumn.
Instruction:
Apply sufficient vacuum while sonicating for 3—35 min to degas thoroughly
yvour mobile phase. To prime your pump, apply suction at a pump head
outlel or a pump bypass tube opening while running the pump at a high
flow-rate, 5~10 ml/min.
Has ihis consultation solved your problem? No
Instruction:
- Disassemble the pump head assembly. Examine the inlet and owtlet check
valves and the ball valves under a stereomicroscope for cracks and scralches.
Instruction:
Replace the worn out parts, You may call the Instrument Shop to repair the
pump. If [requent replacement of check valves is required, the presence of
parlicuiate matter in the mobile phase is suspected. 1t 1s a good idea routine-
ly Lo filter the mobile phuse containing buffer.
Examine the pump head assembly (Fig. 4 is shown).
Inseruction:
The pump inlet/outlet check valve may be clogged. Discannect the pump
tubing and connect a syringe (50 ml or larger size) 1o the pump outlet open-
ing. Start the pump at a flow-rate of 5-10 ml/min.
Type a number to 1dentily leading site (Fig. 5 is shown). #

Interactive consullalion continues until the problem is identificd and solved or
the program exhausts its reasoning.
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Daes the end of the tubing reach the mobile phase fhuid level?
> > Yes.
... [System requests the user 1o check the location of the mobile phase reservoir.]

Is the mobile phase reservoir located higher than the pump head?
> > No.

... [System determines that the causes for the problem is identified, as loss of
pump prime is due to low height of the mobile phase container relative to the pump
head].

RECOMMENDATION:
The maobile phase reservoir must be located higher than the pump head to maintain
an adequate pump prime.

... [This ends the consultation scssion].

Consultation 2:

... [If the answer to the question, *“Is the mohile phase reservoir located higher
than the pump head?”’1s “ > > Yes”|:

Examine the high pressure hmit switch setting of the pump.

Is the pump pressure limit switch set at or above 3000 p.s.i.?
> > Yes.
... [System trics to make certain that the problem still persists).

Are you still losing pump prime?
> > Yes.,

Since your pump continues losing prime, the possibility exists that an “air lock”
has formed 1o your pump head assembly. An air lock is created when:

(i) insufficiently degassed mobile phase 1s used and/or

(ii) leakage of air from the low-pressure side of the pump.

INSTRUCTION:

Piston action creates vacuum which draws the mobile phasc into the pump
head. An insufficiently degasscd mobilc phasc forms air bubbles by vacuum. Apply
sufficient vacuum while sonicating for 3-5 min to degas thoroughly your mobile
phase. To prime your pump, apply suction at a pump head outlet or a pump bypass
tube opening while running the pump at a high flow-rate, 5-10 ml/min.

Has this instruction solved your problem?
> > No.

... [System goes on 10 question leakage of air [rom the low-pressure side and
request disassembly of the pump head].

INSTRUCTION:
Disassemble the pump head assembly, Examine the inlet and outlet check
valves and the ball valves under a stereomicroscope for cracks and scratches. Replace
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the worn out parts. You may call the Instrument Shop to repair the pump. If frequent
replacement of check valves is required, the presence of particulate matter in the
mobile phasc is suspected. It is a good idea routinely to filter mobile phase containing
builer.

... [System now displays a cut away diagram of a pump head assembly (Fig. 4)
to assist graphically in repairing a pump.]

... [If pump is still losing prime]:

Fig. 4. Cut-away diagram of the Waters Assoc. Moedel 6000A pump.

INSTRUCTION.

Examing the pump head assembly. The pump inlet/outlet check valve may be
clogged. Disconnect the pump outlet tubing and connect a syringe (50 ml or larger
size) to the pump outlet opening. Start the pump at a flow-rate of 5-10 ml/min.

... [When solvent leakage is suspected, a diagram is displayed to assist in locat-
ing the leakage site (Fig. 5)].

... [Consultation continues uniil the problem is identified and solved).

At the end of a consultation, the program automalically saves the entire consul-
tation and also the comments made by the user. This is to help the critical knowledge
domain of the program, cxaminc its ulilily and improve its performance.

Bencfits of this program include increased productlivily by minimizing assay
down-time, improved assay quality and interactive training for new personnel.
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Fig. 5. Graphic 1o assist in locating solvent Jeakage site.
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