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LC TROUBLESHOOTING
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If we approach our data with a skepti-

cal mind-set, as chromatographers we 

know that there is always the possibility 

that a peak in a chromatogram that we 

perceive as a “pure peak” (that is, only 

one chemical component is eluted at that 

time) is actually composed of multiple 

coeluted components. From the point of 

view of quantitative analyses—answering 

the question “how much is there?”—this 

possibility is always a concern because 

assuming that a peak is pure when in fact 

it is not will lead to inaccurate quantita-

tive determinations for the compound of 

interest. From the point of view of quali-

tative analyses—answering the question 

“what is it?”—it is a concern too, because 

if we think we have identified 10 compo-

nents when in fact 11 components are 

present, we will have missed one, and 

that could have significant consequences 

(for example, impacts on health or prof-

its). Given the importance of this issue, 

which we commonly refer to as “peak 

purity,” an immense amount of research 

has been dedicated to the development 

of concepts and tools that can increase 

our confidence that we know what we are 

looking at in our chromatograms. How-

ever, 50+ years after the introduction of 

what we now call high performance liq-

uid chromatography (HPLC), we arguably 

still do not have a one-size-fits-all solu-

tion to this problem. In this installment 

of “LC Troubleshooting,” we are tackling 

the peak purity topic in part I of a multi-

part series where we will explore some of 

the concepts behind peak purity assess-

ments, describe some tools that are used 

in commercially available software for 

these assessments, and highlight some 

of the limitations of these tools using real-

world examples. For this purpose, I have 

enlisted two experts in data analysis and 

pharmaceutical analysis to work with me 

in addressing these issues. In subsequent 

installments, we will expand our discus-

sion of the peak purity topic to include 

advanced data analysis strategies that 

can be used in cases where simpler tools 

are inadequate, as well as the potential 

for two-dimensional liquid chromatogra-

phy (2D-LC) to provide robust answers to 

questions about peak purity.

Dwight Stoll

Peak Purity: An Introduction

Of all of the application areas where 

the concept of peak purity is relevant, 

it has received the most concentrated 

attention in the pharmaceutical industry, 

and thus much of our discussion in this 

installment is set in this context. Ensur-

ing drug product quality and patient 

safety is the primary objective of the 

pharmaceutical industry and regulatory 

agencies around the world. Regulators 

expect that the pharmaceutical industry 

complies with the International Con-

ference on Harmonization of Technical 

Requirements for Registration of Phar-

maceuticals for Human Use (ICH) guide-

lines (ICH Q3A – Q3D) (1–4) on impuri-

ties in new drug substances and drug 

products, including residual solvents 

and elemental impurities. Significant 

effort on the part of both companies 

and regulators is dedicated to the deliv-

ery of safe and efficacious medications 

of desired quality and strength.  

Various analytical tests that include 

methods to assess attributes ranging 

from appearance, identity including 

form, assay (weight or weight against 

a standard), impurities (organic and 

inorganic, including residual solvents), 

water content, and particle size analysis 

are performed on active pharmaceuti-

cal ingredients (API). Similarly, oral drug 

products (that is, the API plus excipients) 

are tested for appearance, identity, assay 

(weight or weight against a standard) and 

impurities, uniformity of dosage units, 

dissolution, microbial content, and water 

content. Among these tests, those for 

determinations of assay and impurities, 

including chiral impurities if applicable, 

are the most critical because they have 

the most potential to impact the safety 

and efficacy of the drug product.  

Developing a specific, so-called “sta-

bility indicating method” to determine 

the drug substance and drug product 

content (weight or weight assay), quan-

titate impurities, and determine poten-
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tial degradation products is extremely 

important because it provides evidence 

that the method is adequate to monitor 

the quality of the material during its shelf 

time. Developing this type of method 

usually starts with screening columns of 

different selectivity, using mobile phases 

at different pH values, and the analyses 

of samples of the drug product stressed 

by different means (for example, acid, 

base, peroxide, light, and heat). Stressed 

samples are used upfront to assess the 

adequacy of the method to support 

long-term stability studies of drug prod-

ucts justifying their shelf life (or expiry). In 

addition, it can help to identify the likely 

degradation products and hence the 

degradation pathways. Increasingly, it is 

expected that method optimization soft-

ware tools are used to ensure that meth-

ods are robust from the start—this is the 

spirit of the so-called quality-by-design 

(QbD) approach to method development 

(5). Typically, in these methods diode-

array detection (DAD) or mass spectrom-

etry (MS) is used to detect compounds as 

they are eluted from the column. To the 

extent that the spectrum (ultraviolet [UV] 

or mass) of a particular compound is char-

acteristic of that compound, examination 

of the evolution of the spectrum across 

a peak provides a means to assess peak 

purity. However, impurities and degrada-

tion products eluted in the proximity of 

the main component are usually structur-

ally similar. This, in turn, means that their 

DAD spectra are often highly similar, and 

great care is required in the interpreta-

tion of spectral purity assessments and 

consideration of complementary data 

that support the peak purity assessment 

(for example, elution patterns observed 

with complementary column selectivities, 

and MS data).

The presence of high potency impuri-

ties or inactive impurities in the dosage 

form can impact the biological activ-

ity of drug products. There are several 

well-known examples from the history 

of drug development that illustrate the 

importance of detecting coelutions. (S)-

(+)-Naproxen is effective in the treat-

ment of arthritis, whereas its enantiomer 

causes liver poisoning. Similarly (S,S)-(+)-

ethmbutol is effective in the treatment 

of tuberculosis, whereas its enantiomer 

causes blindness (6). Finally, R-thalido-

mide was known to be effective in the 

treatment of morning sickness; however, 

the enantiomer is a teratogen (7). Thus, 

accurate assessment of peak purity is 

critical to the assurance of the safety and 

efficacy of drug products.

Principles of Peak Purity 

Assessment Using DAD

As a chromatographer, the question most 

often asked when it comes to peak purity 

is: Is this chromatographic peak com-

prised of a single chemical compound? 
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FIGURE 1: (a) Depiction of a three-point spectrum; (b) representation of this spectrum 
as a vector in 3D space; (c) depiction of two, similar three point spectra; (d) representa-
tion of these two spectra as vectors in 3D space, with the angle between the vectors 
representing the spectral similarity.

FIGURE 2: Spectra for angelicin (cyan) and psoralen (red). Spectral similarity expressed 
as ϴ = 11.4°; r = 0.980.
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Unfortunately, there is no definitive 

answer for this question using the con-

ventional peak purity methods that are 

available in commercial software. Rather, 

these software tools provide an answer 

to the question: Is this chromatographic 

peak composed of compounds having 

a single spectroscopic signature? This 

concept, typically referred to as spectral 

peak purity, can be addressed to varying 

degrees by most commercially available 

data systems for LC.

Theoretical Basis of 

Spectral Peak Purity Assessment

The concept of spectral peak purity, as 

embodied in most chromatographic 

data systems, is based on viewing a spec-

trum as a vector in n-dimensional space, 

where n is the number of data points in 

the spectrum (8). To more easily visualize 

this concept, let us take an example of a 

spectrum measured at just three wave-

lengths, λ1, λ2, and λ3, as shown in Fig-

ure 1a. We can plot this spectrum as a 

vector in three-dimensional (3D) space as 

shown in Figure 1b, where the vector ter-

minates at a point with coordinates that 

are the absorbance values for the three 

wavelengths. Then, given a second spec-

trum, shown in red in Figure 1c, we are 

interested in a way to quantify the simi-

larity of the two spectra. A convenient 

means of assessing spectral similarity 

is to determine the angle between the 

two vectors that represent the spectra in 

n-dimensional space, as shown in Figure 

1d. If the angle ϴ between the two vec-

tors is zero, the shapes of the two spectra 

are identical (even if the overall intensi-

ties of the two spectra are different). If 

we denote the blue spectrum (vector) as 

spectrum a and the red spectrum (vector) 

as spectrum b, the spectral similarity can 

be calculated as the cosine of the angle 

ϴ as follows:

cos θ = =
a∙b

a
i
2 2||a|| ||b||

a
i
b

i
Σ

Σ√ b
i

Σ√
[1]

where the bold face, lowercase letters 

denote vectors, or a list of the coordinates 

for the vector (three values in the pres-

ent illustration; n values for the general 

n-dimensional case). The numerator rep-

resents the dot product of the two vectors, 

and the || || notation represents the vector 

norm, or in more conventional terms, the 

length of the given vector. Dividing by the 

length of the vectors results in a value for 

the spectral similarity that is independent 

of the amplitude of the signal and only 

dependent on the shape of the spectrum, 

as mentioned above.

An alternate means of determining the 

spectral similarity used by some chro-

matographic data systems involves the 

correlation coefficient between the two 

spectra, which is calculated as follows:
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r =
(a

i
–a)Σ (b

i
–b)

2 2
(a

i
–a)Σ Σ(b

i
–b)√

[2]

where the aj and bi values indicate the 

absorbance values at the ith wavelength. 

As long as the vectors are mean-cen-

tered before applying equation 1, it 

turns out that

r = cosθ [3]

so that the two measures of similarity are 

equivalent.

Illustration of Spectral Similarity 

Determination Using Real Spectra

We next turn to a comparison of two sim-

ilar, but not identical spectra to see how 

this concept of spectral similarity applies 

in practice. Figure 2 shows the spectra of 

two isomeric compounds, angelicin (blue) 

and psoralen (red). Applying mean cen-

tering, the cosine of the angle between 

them (and equivalently the correlation 

coefficient) is 0.980, and the angle (some-

times called the spectral contrast angle) 

is 11.4°. Without mean centering, the 

cosine of the angle is 0.988 and the cor-

responding angle is 8.97°. From inspec-

tion, it can be seen that these spectra, 

while similar, are not identical.

We now explore how to determine 

whether or not a particular chromato-

graphic peak is pure using this metric. 

Figure 3a shows a chromatographic peak 

for which we would like to know the peak 

purity, and Figure 3b shows the contour 

plot for this peak, where the colored 

contours indicate the absorbance at 

each time or wavelength point. The peak 

purity software provided by many chro-

matographic data system vendors points 

out the importance of baseline removal 

before peak purity analysis; this baseline 

is shown in Figure 3a as running from 

the peak start and stop limits (red hatch 

marks) from 9.9 to 12.7 min.

We then select the spectrum at the 

peak apex to serve as the reference 

spectrum (one option of several typically 

provided by the chromatographic data 

system vendor). It is often recommended 

to choose the apex from the “max” chro-

matogram (constructed using largest 

absorbance observed for each spectrum). 

Then, the similarity between this apex 

spectra and all the spectra across this 

peak (denoted by the index j) is evalu-

ated, as shown in equation 4:

(a
apex,i 

– a
apex 

)Σ (a
j,i
– a

j
)

(a
apex,i 

– a
apex 

)2 2
Σ (a

j,i
– a

j
)Σ√

r=cos θ = [4]

The evolution of this similarity value 

across the peak is shown in Figure 3c 

by the green curve (shown as 1000r2; 

this is the match factor used by Agi-

lent software; also note the inverted 

y-axis used in the Agilent software as 

well) (9,10). Although the correlation 

is quite high across the top of the 

peak, correlation values are lower on 

the leading edge of the peak, lead-
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FIGURE 3: (a) Chromatographic peak with the reference spectra selected at the apex 
of the peak (green circle) and the noise spectra used for determination of the noise 
variance (Varnoise) (purple circle). (b) Representation of this chromatogram as a con-
tour plot where the y-axis is the UV–vis absorbance spectrum and the x-axis is the 
chromatographic time axis. (c) Spectral similarity as compared to the apex (given by 
1000r2) across the chromatographic peak profi le (green) and the corresponding noise 
threshold (blue). Based on this plot we would conclude that the chromatographic peak 
is affected by a signifi cant impurity before about 10.7 min.
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ing to the question of whether or not 

this peak is “spectrally pure.” To more 

adequately address this question, we 

need to establish a threshold to deter-

mine whether or not this correlation is 

sufficiently high enough to conclude 

that this is a pure peak. It is at this 

point where the different vendors of 

chromatographic data systems apply 

slightly different approaches. 

In the Agilent software, the threshold 

curve is calculated as shown in equation 5:

Threshold
j
 = 1000 1–0.5

Var
noise

Var
j

+

Var
noise

Var
apex

2

[5]

where the variance of the noise 

(Varnoise) is calculated from a default or 

user specified range of spectra where no 

analytes absorb, indicated by the purple 

circle in Figure 3a. The Varj is the variance 

of the jth spectrum and Varapex is the vari-

ance of the apex spectrum (or another 

reference spectrum as specified by the 

user). This threshold curve is shown 

in purple in Figure 3c. The inset figure 

shows an expanded view and indicates 

that this peak appears to be affected by 

an impurity at elution times earlier than 

about 10.7 min. In fact, this peak is com-

posed of 50 ppm of psoralen (spectrum 

shown in red in Figure 2), with a retention 

time at 10.8  min, and 5  ppm of angeli-

cin (spectrum shown in cyan in Figure 2), 

with a retention time at 10.4 min, which 

is the “impurity” detected by the soft-

ware. In addition to providing a peak 

purity plot such as that shown in Figure 

3c, vendors often provide an overall peak 

purity measure and threshold for the 

entire peak. For example, Agilent deter-

mines the total number of spectra within 

the peak that are judged as impure by 

comparison of the match factor and 

threshold, and averages the match fac-

tor and thresholds for these spectra. For 

the example shown above, 1446 out of 

the 2430 spectra across the peak had 

match factors that were less than the cor-

responding threshold values, where the 

average match factor for these spectra 

was 992.8 and the average threshold was 

999.0, again leading to the conclusion 

that this is an impure peak.

Other vendors of chromatographic 

data systems use variations on this gen-

eral approach to quantify peak purity. 

For example, Shimadzu (11) uses the 

cosine of the similarity angle to quantify 

purity, and uses the following expression 

for the threshold

Threshold
j
 = 1–

||a
apex

||2
Var2

noise 1–
||a

j
||2

Var2
noise

–
||a

apex
||∙||a

j
|| 

Var2
noise

[6]

Meanwhile, Waters Empower software uses 

the similarity angle directly, and calculates 

a threshold based on both solvent and 

noise contributions (12). In using any of the 

chromatographic data system methods for 

assessing peak purity, it is critical to follow 

their guidance for baseline subtraction and 

noise estimation to get the most robust 

results for a spectral purity conclusion.
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The concept of spectral similarity for assessment of peak 

purity using DAD is very useful in many situations, and it is 

attractive because of its low cost. A low spectral similarity value 

or match factor can provide an indication to the analyst that an 

impurity is present; however, high spectral similarities or match 

factors that indicate that the spectra across a peak are not sig-

nificantly different may still occur for impure peaks for one or 

more of the following reasons: 

• impurities are present at much lower concentrations (absor-

bances) than the main compound, 

• the spectra for the main compound and the impurity are 

identical or very similar, and

• the impurity is coeluted with the main compound with a 

retention profile that has the same shape and retention 

time as the main compound (9).

Examples from Analyses 

of Real Pharmaceutical Materials

In the following case study we show examples from the analysis 

of a linker drug intermediate that highlights both the strengths 

and limitations of the spectral purity approach to assess peak 

purity. In this case, all peak purity calculations were carried out 

using Waters Empower 3 software. Synthesis and analysis of 

linker drug intermediates is extremely challenging because 

of their high reactivity, chemical instability, multistep synthetic 

routes, and relatively high molecular weight for a small mol-

ecule pharmaceutical (13). They are a key component of anti-

body–drug conjugates (ADCs) used in oncology.

HPLC separations of three synthesis lots of linker drug inter-

mediate are shown in Figure 4, with an expanded scale around 

the main linker drug peak. This plot shows lot-to-lot variability 

with multiple components eluted in the proximity of the main 

component. Developing an HPLC method to resolve these 

structurally similar compounds is challenging and requires peak 

purity assessment using DAD data along with MS detection, and 

screening of complementary column selectivities to minimize the 

likelihood of impurities coeluted with the main component.

Figure 4a shows the chromatographic profile of sample lot A 

with no noticeable peaks eluted in the trailing edge of the main 

component (retention time at 23.015 min) whereas sample lot B 

(Figure 4b) shows an impurity at a retention time at 23.354 min. 

In this example, only peaks in the trailing edge of the main 

component are integrated. The area percent of the impurity 

peak is 0.13% (Figure 4b). Sample lot C shows multiple compo-

nents eluted in the trailing edge of the main component with a 

major impurity at 1.4% relative area (Figure 4c). 

The results of peak purity analysis of sample lot A are shown 

in Figure 5. The purity angle of the main component (0.054) was 

less than the threshold (0.235), and the purity curve is below 

the threshold curve across the entire peak, indicating spectral 

homogeneity across the peak. 

Figure 6a shows peak purity analysis of sample lot B. The 

main component peak (that is, the peak at 23.036 min) in this 

case passes spectral peak purity (false negative) even though 
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a visibly noticeable impurity is present in 

the trailing edge of the peak as shown 

in Figures 4b and 6b. The overall peak 

purity was determined to be 0.078 and 

the overall threshold was 0.235, indicat-

ing that the peak is spectrally pure. Pos-

sible explanations for this false negative 

include high spectral similarity between 

the main component and impurity peak, 

or the low level of the impurity relative to 

the main component (~0.13%). The high 

degree of similarity in the normalized 

UV spectra of the main component and 

impurity peak (inset in Figure 6a) sug-

gests that spectral similarity is likely to be 

the cause of the false negative. However, 

a closer examination of the purity and 

threshold curves as shown in Figure 6b 

indicates that impurities may be present 

throughout the tail of the peak. This evi-

dence, along with the clear presence of 

the small peak in the tail, would allow the 

analyst to conclude that the peak is spec-

trally impure, despite the overall purity 

test indicating that the peak is pure.

Additionally, the impurity peak shown 

in Figure 6b (that is, the peak at about 

23.35  min in Figure 4b) fails spectral 

purity at the leading edge of the peak, 

with a purity angle of 0.436 and a thresh-

old of 0.272 (Figure 6c). This failure is 

probably because of the impact of the 

main component on the leading edge 

of the impurity peak or the presence of 

other impurities. It is clear in this exam-

ple that a chromatographer would con-

clude an impurity is present, because of 

the chromatographic evidence and the 

peak purity plot, despite the conclusion 

of the spectral peak purity test. Further 

insights may be gained by inspection 

of the chromatogram for sample lot C 

shown in Figure 4c. Here, several impu-

rity peaks are evident in the tail of the 

main peak, and it is probably the pres-

ence of all these impurities (albeit at 

lower concentration levels) that led to 

the observed discrepancy between the 

threshold and purity curves for sample 

lot B, Figure 5b. And interestingly, the 

purity and threshold curves are very 

close together for sample lot A at 

23.35  min (Figure 5b), indicating that 

this impurity is probably also present in 

this lot, although at a lower concentra-

tion, such that both chromatographic 

and spectroscopic evidence lead to 

the conclusion that this is a pure peak. 

The important implication is that if this 

impurity peak was not as well resolved 

as in the present case, but was eluted 

completely underneath the main peak, 

there would be no chromatographic or 

spectroscopic evidence that an impurity 

is present, even for sample lots B and C.

Concluding Thoughts

This discussion of the principles of peak 

purity assessments using diode-array 

spectral data highlights both the capa-

bilities and limitations of this type of 

approach. Although the approach has 

a tremendous upside because of its low 

cost and relative ease of implementation, 

great care must be used especially in the 

interpretation of results from borderline 

cases where impurities may be present 

at relatively low levels.

In a subsequent installment in this 

series, we will review the principles of 

advanced curve resolution techniques, 

and demonstrate how they can be used 

to provide more robust analyses of peaks 

composed of both a major and minor 

component, but still using diode-array 

spectral data. Finally, we will review the 

concept of applying 2D-LC separations 

to the problem of peak purity assess-

ment, which is particularly useful in cases 

of coeluted compounds that are isomeric 

or chiral.
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FIGURE 6: Peak purity analysis of sample lot B shows spectral purity across the peak 
irrespective of a peak eluted in the trailing edges of the peak: (a) Main component 
peak at 23.036 min; (b) expanded view showing the details of the purity and threshold 
curves for the main component; (c) expanded view showing the details of the purity and 
threshold curves for the impurity at 23.350 min.
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