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SUMMARY

A procedure for the determination of chromatographic method detection limits
that incorporates the variabilities associated with sample preparation, measurement,
and calculations is described. Theoretical considerations lead to an equation for the
calculation of a method detection limit that evaluates the precision of the method
near the detection limit and incorporates the number of sample and standard repli-
cates used for a determination. Guidelines for the experimental determination of the
method detection limit and for subsequent method procedure limitations were de-
veloped from the assumptions employed. This procedure is general and can be ap-
plied to chromatographic and non-chromatographic techniques. Several examples
which demonstrate the effectiveness of this procedure for chromatographic methods
are given. Method detection limits determined in this way should provide consistency
for methods developed for pharmaceutical applications.

INTRODUCTION

The method detection limit is often used to characterize a method’s effective-
ness in the determination of a desired analyte. In general, the concept of a detection
limit is one that is familiar to most analytical chemists. However, a diversity of views
related to its significance and to the correct procedure for its determination have
been discussed!~3. Its evaluation is especially important when the analyte is a minor
or trace component in the sample matrix*~%, This presentation will focus on the defi-
nition and determination of the detection limit for analytical methods developed to
evaluate pharmaceutical products, where detection limits take on real, rather than
theoretical, significance.

Generally, the detection limit is defined as the lowest concentration or amount
of an analyte in a given matrix whose response can be distinguished from the response
of a blank”. The ability to distinguish between two response levels suggests a statis-
tical basis for the definition of the detection limit. Historically, the precise statistical
definition of the detection limit has been thoroughly debated. Furthermore, trans-
lation of the theoretical principles to practical application has led to confusion in
experimental implementation. This paper outlines the experimental design consider-
ations needed for the determination of the detection limit during method validation.
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The importance of the detection limit is dependent upon the biological sig-
nificance of the analyte itself. Analytes, often present as trace impurities that dem-
onstrate significant toxicity, such as a carcinogen or mutagen, frequently require a
decision as to their presence or absence at very low levels. The maximum sensitivity
of these methods will define the control specification, i.e., the control specification
will be set at the method detection limit. Thus, the experimentally estimated detection
limit will determine the level which will be reported as “none detected” in a regulatory
sense. An evaluation of previously described approaches will provide a perspective for
the design of an acceptable procedure for pharmaceutical products.

REVIEW OF APPROACHES TO DETECTION LIMIT DETERMINATION

A common experimental approach for estimating the detection limit is the
measurement of serial dilutions of a stock analyte solution. An estimate of the de-
tection limit is obtained by noting the concentration where the responses from the
analyte solution and solvent blank are indistinguishable. However, this approach
neglects the effects of many sources of variance, such as sample matrix. Thus, this
approach produces estimates of the detection limit which are generally lower than
those actually observed.

A second common experimental approach includes the effect of variance in the
measured response. The detection limit is defined as a specific signal-to-noise ratio,
usually a value of two or three depending on the desired confidence level. The limit
of quantitation (LOQ) provides for a greater degree of confidence with the signal-
to-noise ratio frequently set equal to ten’. When the signal-to-noise approach is
selected, one must determine an appropriate procedure to measure the noise level.
The noise level can be determined from measurements on a number of blanks or
from peak-to-peak noise. For chromatographic determinations, the noise can be de-
termined from a region of the chromatogram where no components elute®-°. Details
of these approaches are described in the literature!®.

Long and Winefordner” reviewed the statistical basis for the IUPAC definition
of detection limits, which recommends a signal-to-noise ratio of three and the noise
is determined from the blank signal. The IUPAC model was evaluated and compared
to alternate approaches, including graphical and propagation of errors models. These
models allowed for errors in the calibration curve slope or slope and intercept, respec-
tively in addition to errors in measurement of the blank signal. Application of these
approaches to a number of spectroscopic examples demonstrated that the calculated
detection limit can vary significantly. They concluded that the IUPAC approach is
appropriate only when the major source of error is in the blank measurement and,
in most cases, it yields artificially low detection limits.

A review of the concept of the detection limit applied to chromatographic
techniques was presented by Foley and Dorsey'!. A number of inconsistencies in
common usage were pointed out and a set of definitions and models were proposed
to provide standardized evaluation and reporting of detection limits. The detection
limit calculations were based on the IUPAC and error propagation models, with
special emphasis placed on the determination of baseline noise, analogous to the
determination of the blank signal. They recommended a peak-to-peak noise mea-
surement over a region of the chromatogram that is free of analyte peaks. This
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standardization of chromatographic and statistical parameters for the detection limit
determination allows direct comparisons of differing chromatographic methods.
All of the statistical models described above are based on the assumption that
the sample preparation variability is negligible so that the detection limit is deter-
mined by the measurement process. In this way, an instrument detection limit (IDL)
is described rather than a method detection limit (MDL). That is, the variances
introduced by the separation, detection, and measurement processes are included in
the IDL detection limit calculation, but not variances associated with the preparation
of samples and standards. For most methods used to determine analytes near the
detection limit, these other variances are significant and the IDL approach will yield
a lower estimate for the detection limit than that which is actually observed. The
method detection limit should include these additional sources of variability associ-
ated with processing the samples and standards through all of the steps in the ana-
lytical method. Furthermore, the assay design (e.g. levels of replication) affects the
method detection limit but cannot be accommodated by the IDL approach.

METHOD DETECTION LIMIT

The approach used in this paper will assume that the analyte must be quan-
titated. That is, that the level of the analyte (usually versus some regulatory limit) is
important, rather than just a qualitative ability to detect the analyte. This definition
has sometimes been referred to as a “‘limit of determination” in the literature, but an
IDL approach is frequently used for its evaluation. The quantitative approach de-
scribed below defines the MDL to incorporate all the variances associated with the
assay. It also accounts for the increase in precision due to replication of samples and
standards, i.e., assay design.

The evaluation of the MDL must incorporate variability from the sample prepa-
ration, separation, detection, and measurement processes. It also should allow for
day-to-day variability in the method performance. That is, one should be confident
that an analyte present at the MDL level can be reliably detected and quantitated
any time an assay is performed. Finally, the variability associated with a background
correction or comparison to a blank sample must be incorporated.

One procedure for the determination of a MDL for trace analyses of waste-
waters has been described. The entire analytical procedure was included in the eval-
uation of precision and the MDL for a single sample replicate was calculated from:

MDL = t(n—1, 1 —2=0.99)S,, ¢Y)

where t(n—1, 1 —a=0.99) is the Student’s ¢ value for a one-tailed test at the 99%
confidence level with n—1 degrees of freedom, and S, is the standard deviation
obtained from a number of replicate measurements (n). The value for ¢ accounts for
the limited number of measurements used to determine S,,. A minimum of seven
replicates on a single sample with a concentration of one to five times the estimated
MDL was proposed for the initial estimate of S,,. An iterative procedure with seven
additional replicates on a solution with the concentration at the MDL estimated
from the initial seven replicates is suggested to prevent overestimates of the MDL.
Estimates of the MDL from measurements at high concentrations are frequently
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incorrect. Glaser et al.% also estimate confidence limits on the MDL using the chi-
square distribution. This concept has been adapted to the procedure proposed below
for the evaluation of pharmaceutical methods.

MDL DERIVATION

MDL equation

The calculated method detection limit for a routine assay includes two separate
contributions: the inherent method precision (which can be estimated) and the design
of the routine assay procedure. That is, the experimental design of the validation
procedure can have a dramatic effect on the accuracy of the estimated method pre-
cision, while the number of sample replicates and the number of standards used to
define the calibration curve affect the expected precision of routine assay results. An
effective expression for the MDL must provide for these terms.

The most general expression for the method detection limit can be written as:

MDL = kSp, 2

where k is a constant of proportionality and S, is the method standard deviation.
The determination of Sy, must incorporate any background correction needed. Note
that eqn. 1 fits this general form with the Student’s ¢ value introduced for k, ac-
counting for the limited measurements used to estimate S,,. As a historical database
is generated, S,, becomes more accurately determined and & can be set equal to 2, 3
or any other value corresponding to the z value of the normal distribution for the
desired confidence level. The determination of S,,, however, is critical and errors in
its experimental determination can become significant.

Eqn. 2 can be expanded by considering the contributions to S,,. For example,
sample responses are generally compared to a calibration curve generated from one
or more standard measurements. During the routine implementation of a method,
one generally assays multiple sample replicates and a mean result is reported. The
standard deviation of the mean of n independent measurements is inversely propor-
tional to the square root of the replicate number. Introducing these relationships into
eqn. 2 yields:

MDL = k(Sia/ta + Shm/Msam)'? 3

where Sy is the standard deviation of the standard measurement, San is the standard
deviation of the sample measurement, #,q is the number of standards used to generate
a calibration curve, and n.,q, is the number of sample replicates. As described, & is
defined by the s-distribution value when the number of replicates used is small and
the z statistic is appropriate when the number of replications used in the validation
process is increased so that S,, becomes reasonably well known. Egn. 3 may be
appropriately modified to incorporate additional sources of variances. However, ex-
perimental errors and/or inappropriate assumptions greatly influence the reliability
of the estimate for S,,.
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Assumptions

The first assumption in eqn. 3 is that the method standard deviation is con-
centration independent near the detection limit. This is in contrast to the assumption
of a constant relative precision observed at higher concentrations and implies a con-
stant rather than a proportional error. The key to the validity of this assumption is
that the standard concentration is approximately equal to the sample concentration.
The second assumption is that the random error associated with a measurement is
approximated by a Gaussian distribution. These assumptions are routinely met over
small concentration ranges for many analytical techniques.

EXPERIMENTAL CONSIDERATIONS

The accuracy of the estimated method detection limit is most critically influ-
enced by the experimental determination of Sy,. From the definition of S,, and the
assumptions given above, three general guidelines can be provided. First, the exper-
imental determination of S,, must incorporate all contributions to the method vari-
ability, and therefore should include complete replication of sample preparation,
measurement, and calculations. One must not limit the evaluation to the separation
and detection steps only. Secondly, the analyte should be present in the sample ma-
trix. Finally, variance contributions such as those due to multiple samples, instru-
ments, analysts, days, or labs may need to be included. These variance components
are typically evaluated using analysis of variance approaches from multiple levels of
each variable!213,

Although these techniques are well known and will yield experimental designs
which minimize variance, in some cases it may be sufficient to design the evaluation
of Sy so that all relevant variables are included, e.g., multiple samples on multiple
days using available people and equipment. Thus, the specific experimental design to
determine S,, will be unique for each method.

The experimental design used to determine S, is dependent upon the major
sources of method variability. If the sample and standard preparation and measure-
ment procedures are identical, then Syq and S, are approximately equal, and eqn.
3 can be simplified to:

MDL = kSsam(l/nsam + l/nstd)ll2 (4)

When standards are prepared as solutions of analyte spiked into the sample matrix,
this assumption is generally valid. If, however, the standard and sample preparation
procedures differ significantly, then Sqq and S, must be determined separately. For
example, standard solutions that are prepared in the absence of sample matrix often
yield conditions where Sgq < Ssam.

Further examination of eqn. 4 offers another guideline for method design. If
Sas and S are equal, one can not lower the detection limit significantly by increas-
ing the number of sample replicates without increasing the number of standards. The
most efficient approach includes an equivalent number of standard and sample rep-
licates. Using this condition, eqn. 4 can be reduced to:

MDL = k v 2 Sun, / V1t )
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While the conditions required for use of this equation seem restrictive, they are
routinely met if standards are prepared by spiking analyte into the blank sample
matrix. In trace analysis, standards are often prepared in this way. Note that &k in
eqns. 4 and 5 can be chosen specifically for each method according to the confidence
level required.

With these guidelines, the following procedure is outlined for the determination
of S (i) obtain a sample with little or no analyte present; (ii) spike in a quantity of
analyte estimated to be near the detection limit; (iii) confirm that this amount of
analyte is detectable; (iv) spike two to five times this level into multiple lots of sample,
multiple replicates each; (v) if a background correction is needed, samples should be
run as sample-blank pairs; (vi) for multiple data sets, pool the variance obtained for
each lot, using the following equation:

Sp = { (e — 1] Sszam(i)/ Y [ne — 1]}1/2 . ()
i=1 i=1

The pooled standard deviation, Sy, is calculated from the variances, Ssamg), Obtained
from ng; measurements on j lots. S, is then used in place of Sy, in eqn. 2 and Sqm in
eqn. 5.

The guidelines require that several limitations be placed on the method pro-
cedure. These recommendations should be incorporated into the method and fol-
lowed each time the method is run. First, the number of replicate samples should be
considered in conjunction with the number of standard replicates depending on the
values of Si,m and Syq. Secondly, the concentration range of the standards should be
small, probably within a factor of 10 of the estimated detection limit. Finally, the
lowest standard concentration should be at or just above the MDL calculated for
a single replicate. This standard provides a system suitability check.

An examination of these guidelines and the detection limit equation results in
several observations and conclusions. The determination of S, is critical for the
derivation of the MDL and careful experimental design is required. The number of
measurements used to determine S, should be as large as practical. With the inclusion
of the term for n, the detection limit is dependent upon the number of replicate
determinations made on a sample. With sufficient replication of a single sample, it
is possible for the MDL to be lower than the IDL. However, this generally has only
theoretical significance since the required number of sample replicates is likely to be
quite large. Also note that under many circumstances, increasing the sample replica-
tion number has little effect on the MDL if the standard replication number is not
increased as well.

This procedure for the determination of the limit of detection is general and
can be applied to chromatographic and non-chromatographic techniques. Foley and
Dorsey!! recommend that chromatographic detection limits (IDL) be reported as
analyte amounts. However, the amount of analyte is related back to an original
sample amount. Thus, the MDL can be reported in terms of concentration for a
specific procedure. Since the MDL is dependent upon the initial sample size, sample
size must be specified in the method procedure.
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EXAMPLES

To demonstrate the effectiveness of the outlined procedure, several examples
were selected in high-performance liquid chromatography (HPLC), gas chromato-
graphy (GC) and thin-layer chromatography (TLC). The details of these methods
will not be presented, rather, the validation results will be reviewed. Three examples
are representative of methods used to monitor process-related impurities in bulk drug
characterizations, and one example focuses on degradation products and impurities
in the dosage form. In each case, the development of experimental conditions for
sample preparation, analyte separation, and measurement was completed and defined
before the method was validated. Final MDL calculations were based on the use of
eqn. 4 and the number of standard and sample replicates are the same for each
method. For pooled data, eqns. 5 and 6 were used.

The first example represents a method developed for the detection of a flu-
orescent component in a bulk drug. The analyte is separated from the main com-
ponent by TLC and is detected with a scanning densitometer operated in the fluo-
rescence mode. Sample preparation includes dissolution of the drug substance in an
appropriate solvent and spotting the solution on the TLC plate. During the devel-
opment of the method, it appeared that a major source of variability was due to
differences in the TLC plates. The MDL evaluation included sixteen lots of bulk drug
run on five different plates. It was estimated that the variability of the standard
measurement was approximately equivalent to the variability of the sample mea-
surement. The IDL was estimated at a concentration equivalent to 5 ppm in the bulk
drug, so a quantity of analyte equivalent to 10 ppm was spiked into each sample. A
standard deviation was calculated for each plate and pooled to yield a method stan-
dard deviation of 2.7 ppm. Using a value of 2 for k, the results shown in Table I
were generated, assuming that the number of standard and sample replicates are the
same. A replicate number of three was selected with a detection limit of 5 ppm. The
method procedure was written to include a standard curve for each TLC plate with
standard concentrations of 5, 20 and 50 ppm. Detection of the 5-ppm standard is used
as a system suitability check.

The basic assumption of concentration independence for the standard devia-

TABLE I
EXAMPLE 1 RESULTS FOR TLC-FLUORESCENCE DETECTION METHOD
Seam = Sua = 2.7 ppm.

n MDL (ppm)

N =V R R T S
Loali S R VS I~ W R e ]

W e
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TABLE 11
EXAMPLE 2 RESULTS FOR GC-NITROGEN-SELECTIVE DETECTION METHOD
Swam = Ssa = 1.6 ppm.

n MDL (ppm)

57
4.0
33
238
20
1.0

B2 00 L —

1

tion is true only over a limited concentration range. That is, the analyte level has a
great effect on the estimated MDL. To illustrate this point, the MDL of the first
example (actual MDL = 5 ppm) was estimated from a sample which contained 500
ppm of analyte. It yielded a method detection limit of about 50 ppm. This poor
estimate confirms that detection limit measurements should be made near the detec-
tion limit.

The second method was developed for the detection of an impurity in a bulk
drug, where chemical derivatization is needed for separation and detection. After
derivatization, the analyte is separated from the main component by GC and detected
with a nitrogen-selective detector. Variability includes major contributions from the
derivatization' step and changes in detector sensitivity from day-to-day. A method
standard deviation of 1.6 ppm was determined from a pooled set of 31 determinations
of several lots of bulk drug, with each determination including three sample and
three standard preparations. Assuming S;,, and S, are equal, S.., Was calculated to
be equal to 2.0 ppm. Using a value of 2 for k, the results shown in Table II were
generated. A replicate number of three was selected with a MDL of 3.3 ppm. The
use of analyte standards is significant in this determination since the derivatization
is not selective for the analyte, but also includes the bulk drug substance. Therefore,
standards are prepared by spiking analyte into an acceptable lot of bulk drug. This
procedure accounts for incomplete reaction and matrix effects. In this method, stan-
dard preparation variability is significant.

Another method was developed for the detection of sodium bicarbonate in a
vial of formulated antibiotic. The method procedure includes the injection of a vol-
ume of hydrochloric acid into a vial, with the headspace above the solution assayed
for carbon dioxide by GC with a thermal conductivity detector. Measurement of the
bicarbonate detection limit was important to evaluate the acceptability of this simple
assay scheme. A typical chromatogram is shown in Fig. 1. Note that an atmospheric
level of carbon dioxide is found in the blank. For this method, one is not interested
in the absolute detection limit of the chromatographic procedure, but the ability to
distinguish between sample and blank. The IDL was estimated to be about 0.01 to
0.02%. Therefore, a spiked concentration of 0.1% was selected for the determination
of Seam. The results are shown in Table II1. Five separate lots were assayed with ten
replicates each to determine an S, of 0.018%. Note that S, for the individual lots
ranges from 0.011% to 0.026% demonstrating that a sufficient number of samples
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Fig. 1. Example 3, determination of sodium bicarbonate in a vial of formulated antibiotic by GC.

should be used for this evaluation and that the determination of Sem is critical to
the final method detection limit assignment. The corresponding MDL table is shown
in Table IV.

The fourth example illustrates a common problem, detection of an isomeric
impurity. This example involves the detection by HPLC of small levels of the S isomer
in the R isomer. Since the activity of the compound resides in the R isomer, but the
toxicity may be increased by the presence of the S isomer, a 0.1 to 1% detection limit
goal was established. The compound was first derivatized to the corresponding mono-
ester diastereomers with (§,5)-0,0-dibenzoyltartaric acid anhydride, dried down,
and reconstituted with sample solvent. Analyte quantitation was estimated by an
external standard approach where the response of the impurity peak in a concen-
trated sample solution was compared to the response of the main peak of a diluted
sample solution, with a 1 to 10 dilution factor.

This example is described more extensively to demonstrate the actual steps
involved in the evaluation of the MDL. Numerous data were collected for unspiked
samples and additional data were obtained by spiking four levels of the S isomer into
the sample (Table V). Since the R isomer was used as the standard, no standard curve

TABLE 111
EXAMPLE 3 SUMMARY
Estimated IDL = 0.02%; spiked concentration = 0.1%.

Sample lot Ssam
I (n=10) 0.020%
2 (n=10) 0.026
3 (n=10) 0.016
4 (n=10) 0.011
5 (n=10) 0.012

S, = 0.018%
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n MDL (%)

1 0.05

2 0.04

3 0.03

7 0.02
26 0.01
TABLE V
EXAMPLE 4 DATA
S Isomer Day S Isomer found (%) Within day
spike level

Average Stsam

0 1 0.19 0.19 —
0 2 0.21, 0.24, 0.23, 0.28, 0.27 0.25 0.03
0 3 0.10, 0.09, 0.14 0.11 0.03
0 5 0.10 0.10 -
0 6 0.16, 0.06, 0.10 0.11 0.05
03% 5 0.19, 0.23, 0.37 0.26 0.09
0.5% 4 0.31, 0.23, 0.26 0.27 0.04
0.5% 5 0.48, 0.37, 0.44 0.43 0.06
1.0% 3 1.02, 0.64, 1.12 0.93 0.25

was needed and the data are reported directly in percentage S isomer. Although the
diastereomer peaks were well resolved, there were other trace contaminants present
in the sample which contributed to the difficulty in establishing baselines and inte-
grating peaks (Fig. 2). Thus, differences were observed between days and sometimes
within the same day (e.g., 1% spike level in Table V). The data at each spike level
were combined to give the averages and standard deviations shown in Table VI.

40007
36004
32(»<

? 28004

]

= 24004

§ 201 |
16007
£ 12001
8001
4001 |

0

<—R diastereomer

<---§ diastereomer

3% S spike

2% S spike

1% S spike

0 180 360 540

720 900 1080 1260 1440 1620

Time (seconds)

Fig. 2. Example 4, determination of S diastereomer in R diastereomer by HPLC.
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TABLE VI
EXAMPLE 4 SUMMARY

S Isomer Days n Average Seam
spike level

0 5 13 0.17 0.08
0.3% 1 3 0.26 0.10
0.5% 2 6 0.35 0.10
1.0% i 3 0.93 0.25
Sp = 0.11
n MDL (%)*
I 0.3
0.2
5 0.1

* MDL = 0.30//n.

Then, the pooled (across spike levels) standard deviation, Sp, and the MDLs were
calculated using a value of 2 for k.

Several observations can be made regarding the results for the fourth example.
First, the calculated method detection limit is higher than the instrument detection
limit, estimated at less than 0.1%, even though the external standard approach acts
as an internal control for the completeness of the derivatization reaction. Secondly,
the standard deviations for all data at one dose level are higher than the standard
deviation for data obtained within a single day. This indicates a difficulty in repro-
ducing the derivatization reaction, chromatography, and/or the peak integration be-
tween days. Thirdly, the standard deviations are relatively independent of spike level
except for the one anomalous data point at the 1.0% spike level. Finally, although
the average percentage S found increases with spike level, there seems to be a bias
which affects samples at low percentage S isomer. Spikes at higher levels were neces-
sary to demonstrate complete recovery and linearity (Table VII), but were not used
in calculation of the MDL.

TABLE VII
EXAMPLE 4, HIGH LEVELS

Regression line: slope = 1.03, y-intercept = 0.13, correlation coefficient = 0.989

S Isomer S Isomer
spike level (%) Sfound (%)

0 0.2
1 1.2
2 1.9
3 34




12 E. L. INMAN, E. C. RICKARD
CONCLUSIONS

The determination of a method detection limit is included in the validation of
that method. This determination is greatly influenced by the experimental design used
for its evaluation. The equation used to calculate the MDL includes the sample and
standard replicate numbers and the standard deviation of each, determined by as-
saying a sufficient number of samples near the estimated detection limit. All sources
of variability should be included, allowing for the complete sample preparation
scheme and daily sensitivity differences in the instrumentation used for analyte mea-
surement. A number of guidelines have been presented to aid in this determination.
MDLs determined in this way should prove to be acceptable for the long-term ap-
plication of the method for the analysis of pharmaceutical samples.
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