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These sources of variation in ARDI can occur alone or in combination, making it difﬁcult,
if not impossible, to employ a single statistic to comprehensively assess their individual
impact on overall treatment delivery and outcome. A single number which summarizes
a multidimensional process has a certain appeal, however. Recent naturalistic research
studies and clinical performance improvement programs have employed various alternative methods of calculating ARDI in an effort to take the additional sources of variation
into account, while still yielding a single meaningful statistic. Because of space limitations, we will forgo a review of these alternatives here, in favor of presenting a simple,
and more psychometrically defensible, alternative: a set of statistics with known properties and unambiguous interpretation.

% Optimal Dose (%OD): The ratio of the total dosage delivered over the entire course of
treatment to the corresponding standard total dose, irrespective of cycle length or number of cycles.

Results
P-ARDI, D-ARDI and %OD, taken as a set, provide insight into the four identiﬁed sources
of ARDI variation which a single measure cannot provide. P-ARDI is a pure measure of
planned deviation, unambiguously identifying patients whose reduced D-ARDI is the result of treatment having been planned from the beginning at a level below standard.
Because P-ARDI is ﬁxed before reductions, delays or treatment attenuation have the opportunity to occur, it is logically independent of all the other sources of variation. In
practical terms, however, the theoretical independence of P-ARDI is confounded by its
empirical correlation with D-ARDI—in the range of 0.50 to 0.65, in our experience. This
correlation is not surprising: physicians tend to deliver a level of treatment similar to that
which they plan.

Generated Patient Data. All hypothetical datasets were generated by sampling 500 patients from normal distributions with the characteristics shown below. The mean of each
of the distributions was set equal to the corresponding component of the standard regimen. The other parameters were based on the authors’ experience with actual chemotherapy registries, and speciﬁc justiﬁcations are provided where warranted.
• # of treatment cycles: Sampled from the set of 3, 4, 5, 6, 7 cycles.
• Prescribed dosage: No preset minimum, but with a maximum of 115% of standard
dosage.
• Prescribed cycle length: Always equal to standard (i.e., not varied).
• Delivered dosage per cycle: No preset minimum, but with a maximum of the lesser
of the prescribed dosage and 115% of standard dosage. In actual practice, physicians rarely deliver a dosage higher than their initial plan.
• Actual cycle length: No preset maximum, but with a preset minimum of 2 days
less than standard. In actual practice, physicians rarely shorten the cycle length by
more than 1 or 2 days.
Different datasets were constructed with additional constraints as described in the Results section to highlight speciﬁc characteristics of the proposed statistics.
Three statistics were then calculated from the 500-patient simulations.
Planned Average Relative Dose Intensity (P-ARDI): The planned ﬁrst cycle dose intensity
divided by the corresponding standard dose in mg/m2/week. In practice, some research-
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As opposed to its interpretation in clinical trials, in naturalistic research, D-ARDI is the
least pure measure. It is inherently a measure of both reductions and delays, being a
mathematical function of those two quantities. It is indirectly related to planned deviation, because of its correlation with P-ARDI, but is independent of treatment attenuation
(# of cycles), as it is a measure of dose delivered per unit of time, averaged across cycles.
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%OD is independent of both cycle delays and planned deviations, and is directly related
to both dose reductions and treatment attenuation.
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These relationships are summarized in Table 1.

Methods

Standard Treatment Regimen. The hypothetical treatment regimen used as the “standard” was deﬁned as consisting of a single drug, with a standard of dose of 333 mg per
m2 of BSA per week, delivered in 5 21-day treatment cycles.

Our last example is shown in Figure 3. These are completely naturalistic data, without any additional constraints as were imposed on the data for Figures 1 and 2. In this
case, P-ARDI is plotted on the abscissa. The rays representing cycles are still plainly visible, but, for each cycle, some patients fall below their corresponding ray. These are patients whose D-ARDI was reduced because of dose reductions. They fall below the rays
because their %OD was reduced accordingly. There are few points appearing above the
rays (which would add clutter and make interpretation more difﬁcult) because physicians
rarely increase D-ARDI Planned
above P-ARDI.
DI Randomly Distributed

1.4

Table 1. Relationship Between Three DI Measures And Sources Of Variation In ARDI

The methods described here have been developed from the analysis of several naturalistic cancer registries and retrospective studies, spanning roughly 15 years of chemotherapy practices. The actual data presented in this paper are computer simulations, but
based on the authors’ experience with real data. The use of computer-generated data allows a more clear presentation of the key components of the proposed statistics. The assumptions used in generating the datasets are as follows:

D-ARDI is allowed to vary in this sample dataset, so it can be seen that patients vary on
this statistic around the value 1.0 (plotted on the abscissa). By design, all of this variation is due to varying amounts of cycle delays. Because %OD, plotted on the ordinate, is
insensitive to cycle delays, it is completely determined by the number of cycles. Thus the
data appear as sets of horizontal lines, or rays, each corresponding to the number of delivered cycles.
Planned=Std, Delays No Reductions

%OD is sensitive to dose reductions but not delays, as described in Table 1. Additionally,
color coding the cycle rays unambigously differentiates the variation in %OD due to dose
reductions from that due to number of cycles.

% Optimal Dose

In clinical trials, where dosages, timing and number of treatment cycles are all strictly
controlled, the calculation and use of ARDI are well-understood.4,5 In actual practice,
however, naturally-occurring events complicate the computation and interpretation of
this statistic in at least four different ways:
• Dose reduction: dosage levels can be lowered from one cycle to the next
• Cycle delay: the start of a subsequent treatment cycle can be delayed
• Treatment attenuation: entire treatment cycles can be eliminated
• Planned deviation: the prescribed regimen can differ materially from the published
standard

Delivered Average Relative Dose Intensity (D-ARDI): Delivered DI was ﬁrst calculated by
dividing the total dosage delivered over the entire course of treatment (in mg/m2) by the
total length of therapy in weeks. This resulting delivered DI was then divided by the corresponding standard dose in mg/m2/week.

% Optimal Dose

The dose of chemotherapeutic agents has long been known to be an important variable in determining response to treatment in malignant disease.1 Furthermore, research
has shown that the amount of drug delivered per unit of time, known as dose intensity
(DI), is fundamental to assessing chemotherapy treatment effectiveness.2,3 Over the last
several decades, the methods for calculating DI have been reﬁned to allow comparisons
among studies using different combinations of drugs. The basic calculation expresses
drug dose in milligrams per square meter of body surface area (BSA) per week, regardless of the regimen employed. This drug-speciﬁc delivered DI is then divided by the corresponding DI for that drug from the published or normative description of the corresponding regimen, yielding a DI relative to a speciﬁc “standard”, or RDI. Finally, the RDIs
for all drugs in the regimen are averaged together to form the “average relative dose
intensity” (ARDI), summarizing delivered dosage per unit of time, relative to an accepted
standard.

Figure 1 plots a hypothetical dataset showing the effect of cycle delays. The dataset was
constructed as described in the Methods section with two additional constraints. First,
to illustrate the effect of cycle delays alone, no patients in this dataset have dose reductions. Second, P-ARDI is artiﬁcially set equal to standard ARDI, which serves only to remove extraneous noise from the plot.

Statistics
Source of Variation?

P-ARDI

D-ARDI

%OD

Dose Reduction

Logically independent, Directly related
but empirically related,
because P-ARDI and
D-ARDI are correlated

Directly related

Cycle Delay

Same as above

Directly related

Independent

Treatment Attenuation

Independent

Independent

Directly related

Planned Deviation

Directly related

Indirectly related, as
D-ARDI tends to be ≤
P-ARDI

Independent

The logical and empirical relationships among the measures mean that none of them,
taken independently, can be construed as a pure measure of the individual sources of
variation. However, by forming various combinations of the measures, the relative contribution of each in a given dataset can be assessed. For example, consider a patient described by the following inequality:
1 > P-ARDI > D-ARDI = %OD
Because P-ARDI is less than 1, the patient was planned to have lower dose intensity
than standard. (Empirically, this relationship is virtually always due to reduced dosage. A planned cycle delay is an extremely rare event.) The difference between P-ARDI
and D-ARDI could be due to either cycle delays or dose reductions or both, but, because
D-ARDI = %OD and %OD is insensitive to delays, we know that the decrease in D-ARDI is
the result of dose reductions and not delays.
In further elaborating how the measures can be combined to useful effect, graphical
methods will be employed. We ﬁnd it useful to plot the data as scatterplots, with the
dosage rate measures (P-ARDI or D-ARDI) on the abscissa and the total delivered dose
measure (%OD) on the ordinate. Individual patients are plotted as dots, color-coded to
correspond to the number of chemotherapy cycles delivered.

Figure 1: The relationship between D-ARDI and %OD in a dataset simulating random cycle delays but no
dose reductions.

Figure 3: The relationship between P-ARDI and %OD in a dataset with no artiﬁcal constraints on dose
reductions or cycle delays.

Figure 1 is an extreme example of a dataset where variation in D-ARDI is dominated by
cycle delays. In less extreme, more naturalistic datasets, the horizontal rays would still
be plainly visible, but some patients would also fall below the rays, representing patients
with reduce P-ARDI.

Conclusions

Figure 2 presents a pure case of the reverse scenario, where all variation in D-ARDI is the
result of dose reductions. Again, the rays corresponding to number of cycles are plainly
visible. In this case, though, the rays have positive slope. This is as expected, given that

Planned=Random, Reductions No Delays

The methods presented provide those engaged in naturalistic research and clinical performance improvement with a validated set of statistics and a concise, unambiguous terminology to measure and interpret the complex treatments involved in the study of chemotherapy effectiveness. The dominant sources of variation in treatment practice can
easily be identiﬁed to support naturalistic effectiveness research and clinical performance
improvement initiatives.
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Figure 2: The relationship between D-ARDI and %OD in a dataset simulating random dose reductions
but no cycle delays.

