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Background: We addressed the definition of limits of error of %CD4� and CD4� counts (AbsCD4�)
typical of laboratories of excellence, as well as the grading of laboratories based on the decision to take
these limits as boundaries of unacceptable data. Methods: We studied the 99.9% confidence intervals of the
means of 24 human immunodeficiency virus (HIV)� and HIV- blood samples analyzed by 18 laboratories of
the Liguria Region Quality Assessment Program (Liguria Region QALI). Regression equations of lower (L1)
and upper (L2) confidence limits over the means of data cleared of unusual results were used to interpolate
limits of error for mean values in the tested range. Results: L1 and L2 were symmetric around the mean and
a single absolute difference (Abs Res) between the limits and the mean was found. Abs Res significantly
increased over mean values (P � 0.0005 for %CD4�, P < 0.0001 for AbsCD4�). Limits were compatible
with errors shown with blind replicates. Unacceptable results, outside the limits, accounted for 25% and
30% of %CD4� and for 18% and 35% AbsCD4� in the Liguria Region QALI and in the Piemonte Region QA
Program, respectively. Limits interpolated over the median showed a similar grading. A comparable fraction
of unacceptable data was also found with the method used in the U.K. National External Quality Assessment
Scheme (NEQAS) immune monitoring scheme. Conclusions: We propose the general use of these regression
equations to determine bounds for unacceptable data in proficiency testing and to identify laboratories of
excellence. Cytometry (Clin. Cytometry) 50:117–126, 2002. Published 2002 Wiley-Liss, Inc.†
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Accurate and reliable measures of CD4� T lymphocytes
are essential to monitor immunodeficiency in human im-
munodeficiency virus (HIV)-infected subjects (1,2). Sev-

eral quality assessment (QA) programs in lymphocyte im-
munophenotyping have been promoted to assure
clinically relevant comparisons from laboratory to labora-
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tory (3–16). Participation in QA programs with the goal of
laboratory improvement to excellence is a prerequisite for
accreditation by appropriate organizations (17,18). Profi-
ciency testing (PT) became referred to as QA schemes that
grade laboratories by estimating their performance
(3,14,19,20).

There are two main goals of comparative studies,
namely, the determination of interlaboratory variability
and the evaluation of individual laboratory performance.
Interlaboratory variability reflects the degree of consensus
among laboratories on analyses of common samples. Nor-
mal or asymmetric distribution of data is sought and the
standard deviation (SD) or the interquartile range (IQR;
5,19,21) is used as measure of spread and variability.
Individual laboratory performance, on the other hand, is
evaluated by accuracy, which is the degree of fit of the
laboratory’s value to the consensus mean (mean of data
devoid of outliers) or to the median, either taken as the
“true” value.

QA organizations establish their own standard for unac-
ceptable data, based on the magnitude of the deviation of
the laboratory’s value from the true value. Classically,
unusual results are described as being outside arbitrary
boundaries, dependent on data distribution, typically de-
fined by the consensus M � 2 SD or by the 75th percentile
plus 1.5 IQR and the 25th percentile minus 1.5 IQR in the
case of asymmetric distribution (5). In an alternative ap-
proach, used in the program designed by the National
Institute of Allergy and Infectious Diseases (NIAID) Divi-
sion of AIDS (DAIDS) in the United States, two statistical
parameters are used to define unacceptable data: the re-
sidual and the deviate (19–21). The residual is the differ-
ence between the laboratory’s value and the median of all
participating laboratories analyzing that specimen. It can
be positive or negative, indicating overestimation or un-
derestimation with respect to the true value, respectively.
A residual equal to zero is the ultimate accuracy. The
deviate is the residual divided by the variation expressed
as 0.75 IQR.

The NIAID DAIDS program certifies or fails laboratories
in interlaboratory performance evaluation of CD4� T lym-
phocytes by grading them on the basis of acceptable limits
of error for %CD4� present in healthy individuals. It
classifies as unacceptable a laboratory’s analysis with an
absolute residual (Abs Res) from a target of 40% CD4�
greater than or equal to 5% CD4� and with an absolute
deviate greater than or equal to 2. Moreover, it defines as
unsatisfactory a level of performance characterized by at
least 33% of unacceptable CD4� analyses (19,20).

Grading is a means to reduce interlaboratory variation if
criteria select out poor performers along with gross out-
liers. Those approaches where variability of measures on
a particular specimen accounts for the determination of
the boundaries for unacceptable data, such as those de-
fined by the M � 2 SD, do not seem to be adequate. In
fact, in the case of a large variation, the wide boundaries,
although excluding gross outliers, hamper the selection of
exactly those incongruous data that contribute to the
variability. On the contrary, in the case of a small variation,

the tight boundaries may exclude data within the test
error. Most importantly, the same deviation from a certain
true value is accepted or rejected on different occasions,
depending on the spread of data on a particular sample.

We were interested in establishing a criterion for unac-
ceptable data that was dependent on a single attribute of
the test sample, i.e., its true value, and on the variability of
measures expected in laboratories of excellence. By using
experimental data obtained from laboratories participat-
ing in the Liguria Region Program for Quality Assessment
of Lymphocyte Immunophenotyping by flow cytometry
(Liguria Region QALI), we have tried to build an ideal
population of measures devoid of odd results deemed to
exceed the analytic variability in the best conditions. We
defined limits of errors over a range of clinically relevant
values of %CD4� and of AbsCD4�, the crucial parameter
for the management of HIV� patients (22,23). In addition,
we examined grading of laboratories in PT based on the
decision to take these limits as boundaries of unaccept-
able data.

MATERIALS AND METHODS
Laboratories and Instruments

The study encompasses part of the 1994-1999 data of
the Liguria Region QALI promoted by the regional AIDS
Committee in 1989. Our laboratory at San Martino Hospi-
tal in Genoa (Italy) was appointed as the QA reference
laboratory. Since 1993, the program includes all Ligurian
laboratories involved in HIV immunophenotyping. They
underwent quarterly evaluations with at least three blood
samples per send-out. Eighteen laboratories were enrolled
during the study. Three laboratories tested only HIV-
blood samples. Three laboratories enrolled more opera-
tors, a maximum of two participating at the same time.
Laboratories experiencing instrument, technical, or deliv-
ery problems were not evaluated. Flow cytometers in-
cluded eight FACScan machines (Becton Dickinson [BD],
San Jose, CA), three Epics XL machines (Beckman Coulter
[BC], Hialeah, FL), two EPICS Elites (BC), two EPICS Pro-
files (BC), and three Cytoron Absolute machines (Ortho,
Raritan, NJ).

Blood Samples

HIV� donors were referred to the Department of In-
fectious Disease, San Martino Hospital. HIV- volunteer
donors were laboratory workers. Blood (maximum 20 ml)
was collected in three 7-ml K3 EDTA tubes (Vacutainer
Division, BD), pooled in a 50-ml centrifuge tube (Costar,
Corning, Inc., Corning, NY), mixed gently, and dispensed
(1.5 ml) in 1.8-ml STORE-IT tubes (Nalge Nunc, Roskilde,
Denmark). Tubes were packaged in a 50-ml plastic tube
containing absorbing material, delivered by special carrier
at 20–22°C, and tested on the same day of blood collec-
tion.

Sample Preparation and Data Reporting

Laboratories used the conventional dual-platform tech-
nique to obtain absolute numbers, the two-color panel
recommended by the Centers for Disease Control (CDC),
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and the whole blood stain-and-lyse procedure (24). Hema-
tological results and analyses of CD8� T cells, CD3�,
natural killer (NK), and B lymphocytes are not discussed
in this article. Monoclonal antibodies (mAbs) for CD4�
analysis were purchased from BC (seven laboratories), BD
(8 laboratories), Ortho (2 laboratories), and Dako (Capin-
teria, CA; 1 laboratory). Lysis was performed with buff-
ered NH4Cl (1.5 10-1 M NH4Cl, 10-2 M KHCO3, 10-4 M
EDTA) by five laboratories, with FACS Lysing Solution
(BD) by three laboratories, with Ortho Lyse (Ortho) by
three laboratories, and with Q-Prep Workstation and Im-
munoPrep Reagents (BC) by seven laboratories. Ten lab-
oratories used the no-wash technique whereas the other
eight washed the stained samples with 10-2 M phosphate-
buffered saline, pH 7.2 (PBS). Three out of the eight
laboratories that washed their samples fixed them with
freshly prepared 1% paraformaldehyde in PBS, pH 7.2.
Laboratory practices were estimated by a questionnaire on
shipment-specific information, such as sample conditions
upon arrival, preparation, and analysis. Subset percent-
ages, hematology data, gate purity, and lymphocyte recov-
ery were also reported. Consistency of results was tested
by internal quality controls (T sum, lymphosum; 24). An
AbsCD4� was derived by multiplying the relative fre-
quency of CD3�CD4� lymphocytes, obtained by flow
cytometry, by the absolute lymphocyte count determined
by the hematology analyzer (dual-platform method of ab-
solute counting).

Study Design for Error Limits of Mean %CD4� and
AbsCD4� Values

Our proposal was to use limits of error of target mean
%CD4� and AbsCD4� values as boundaries for unaccept-
able data in PT. Therefore, the study design and the
rationale of statistical analyses for the definition of the
measurement error were based on the following consid-
erations. The measurement error should reflect the un-
avoidable analytic variation around the mean value due to
test performance in different laboratory settings. When
used as a grading criterion, the measurement error should
effectively select out poor performer laboratories at the
same time avoiding, as far as possible, laboratory misclas-
sification. Moreover, the measurement error should be
defined for all possible mean values in the clinically rele-
vant range. To meet these terms, data from eight send-outs
for a total of 24 blood samples analyzed by 18 laboratories
of the Liguria Region QALI in the period February 1994 to
October 1997 were considered. For each sample, the
distributions of raw data reported by laboratories for
%CD4� and AbsCD4� were examined. Valid data were
selected, characterized by being inside the interval de-
fined by M � 2 SD, by internal consistency (T sum and
lymphosum), and by being usual by the unanimous agree-
ment among three of the authors charged to examine
results independently. The range within which the true
value was almost certain to lie, i.e., the 99.9% confidence
interval (CI) of the mean, was calculated for each sample.
To relate all possible mean values in the clinically relevant
range to the respective confidence limits, a relationship

was sought for each parameter by linear regression of the
lower (L1) and the upper (L2) limits over mean values of
the 24 samples. Two regression lines and equations were
found for each parameter, relative to the L1 and L2 limits,
respectively. The regressed limits of the CI (L1 and L2)
were considered the limits of the measurement error
relative to a certain mean value (x). The measurement
error or Abs Res was expressed as the absolute difference
between L1 or L2 and the mean.

Analysis of Sets of Replicates

Operators were selected that showed reliable %CD4�
and AbsCD4� analyses within the limits of error in at least
80% of samples analyzed in three send-outs. Laboratories
were sent three to five STORE-IT tubes containing 0.3–1
ml blood from one donor as blind replicates. Data from
the different operators, relative to each donor’s blood,
were pooled, the overall mean estimated for each param-
eter, and the acceptable residual calculated by the regres-
sion equations. Results within each set of replicates were
evaluated by two parameters: the range of results (the
largest [max] value minus the smallest [min] value) and
the difference between each replicate and the set’s mean
(intraoperator residual). Maximum values of range and of
intraoperator residual distributions are reported.

Interlaboratory Studies With Mixtures of T-Cell Clones

Human T-cell clones were stimulated and expanded by
established methods (25,26). Viable CD4� (7 107) and
CD8� (1.5 108) cells, separated on a Ficoll/Hypaque gra-
dient, were resuspended in PBS (1.2 107/ml) and fixed by
adding an equal volume of 2% freshly prepared cold para-
formaldehyde (Sigma, St. Louis, MO) in PBS, pH 7.2. After
1 h of incubation on crushed ice, cells were centrifuged
(300g) at 4°C and the pellet resuspended in Hank’s solu-
tion containing 2 10-2 M L-lysine monohydrochloride (Sig-
ma), pH 7.2, to stop fixation. Cells were washed and
resuspended at 4 106/ml in PBS, 5% featl claf serum (FCS),
0.01% NaN3. Cells fixed under these conditions were
shown to maintain surface antigen expression, reactivity,
and specificity for anti-CD3, anti-CD4, and anti-CD8 mAbs
(27,28). Different volumes of clones were mixed to obtain
cellular standard samples containing CD4� in various
proportions. Mixtures were dispensed in Eppendorf tubes
(100 �l, 4 105 cells) and frozen at –80°C in cryo freezing
containers (Nalgene, Rochester, NY). Preliminary experi-
ments showed that cells frozen under these conditions
could be stored at -80°C up to 1 week with maintenance
of physical parameters and specific reactivity. For QA, a
set of mixtures was thawed and shipped at 8°C to the
participating laboratories for CD4� testing on cells gated
on physical parameters to exclude debris.

Assessment of Laboratory Performance

Limits of error were validated as a grading criterion by
evaluating the performance of laboratories participating in
the Liguria Region QALI from March 1998 to December
1999 and of laboratories participating in the Piemonte
Region QA Program from January 1995 to April 1999. The
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Piemonte Region QA Program started in 1987 under the
coordination of Dr. M. Girotto at Ivrea, Italy (29,30).
Forty-two laboratories were enrolled during the study pe-
riod and underwent monthly evaluations with one blood
sample from HIV- donors. All laboratories used the two-
color CDC panel, the whole blood stain-and-lyse proce-
dure, and the dual-platform method to generate absolute
counts. Comparative analyses were performed on the
same day of blood collection for the Liguria Region QALI
and one day later for the Piemonte Region QA Program.
For each sample, the consensus mean (A) and the overall
median (B) were determined. Regressed 99.9% confidence
limits for x value equal to A or to B and the corresponding
Abs Res were calculated. Moreover, the difference be-
tween each laboratory’s value and the consensus mean or
the median (Abs Res Lab) was estimated. Abs Res Lab from
the consensus mean higher than the Abs Res of the 99.9%
confidence limits interpolated over the consensus mean
was unacceptable by A1. Data unaccepted by A1 and with
absolute deviates (Abs Res Lab / SD) equal or greater than
2 were unacceptable by A2. Abs Res Lab from the median
higher than the Abs Res of the 99.9% confidence limits
interpolated over the median was unacceptable by B1.
Data unaccepted by B1 and with absolute deviates (Abs
Res Lab / 0.75 IQR) equal or greater than 2 were unac-
ceptable by B2. The fractions of unacceptable results
found with criteria A1, A2, B1, and B2 were compared
with the fractions of results outside the limits defined by
the following methods: (C) 25th percentile � 1.5 IQR and
the 75th percentile � 1.5 IQR (Paxton’s criterion), (D)
consensus M � 2 SD (criterion D that coincided with A2),
(E1) 10% trimmed M � 1 trimmed SD, and (E2) 10%
trimmed M � 2 trimmed SD. Criteria E1 and E2, used in
the U.K. National External Quality Assessment Scheme
(NEQAS) immune monitoring scheme (D. Barnett per-
sonal communication), were calculated as described by
Healy (31). Cohen’s kappa index (k; 32) was used to study
the degree of agreement in paired comparisons. Agree-
ment was ranked according to k values: �0.75, excellent;
0.4–0.75, fair to good; �0.4, poor (33).

RESULTS
Definition of Measurement Errors

of %CD4� and AbsCD4�

Figure 1 shows L1 and L2 of mean %CD4� (Fig. 1A) and
AbsCD4� (Fig. 1B) for each of the 24 samples plotted
against the corresponding means, together with the re-
gression lines and equations. Interestingly, CIs increased
over mean values in particular for the AbsCD4� parame-
ter, as shown by the diverging trend of the regression lines
relative to L1 and L2 limits. In fact, although an association
between the mean and the standard error of the mean
(SEM) was already evident for %CD4� (r2 � 0.43, P �
0.0005), the association was higher for AbsCD4� (r2 �
0.74, P � 0.000; data not shown).

The two regression equations, found for each parame-
ter, were used to interpolate confidence limits for any
hypothetical mean value in the tested range (Table 1).
Because selected data followed a normal distribution, as

suggested by the similarity of the mean and median values
and by the skewness and kurtosis indices (data not
shown), lower and upper limits of CI were typically sym-

FIG. 1. Regression of lower and upper 99.9% confidence limits over
mean %CD4� and mean AbsCD4� lymphocytes. Twenty-four blood
samples (12 HIV� and 12 HIV-) were analyzed by 18 laboratories of the
Liguria Region QALI. 99.9% lower (open circles) and upper (solid cir-
cles) confidence limits of the mean of selected data of each sample were
plotted against the mean %CD4� (A) and the mean CD4�/mm3 (Ab-
sCD4�) lymphocytes (B). Regression was determined on a total of 340
valid %CD4� data (90% of raw data) and of 274 valid AbsCD4� data
(93% of raw data). The range of mean values of the 24 samples was
8.3%–47.8% for %CD4� and 47–913 CD4�/mm3 for AbsCD4�.
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metric around mean values. Therefore, for each mean
value, a single absolute difference (Abs Res) between the
limits and the mean was found. Abs Res was considered
the maximal acceptable deviation to a target mean value,
the least deviation being equal to 0. For instance, a sample
with a consensus mean of 300 CD4�/mm3 had a 99.9% CI
of 255–345/mm3. Thus, at maximum, the acceptable mea-
surement error (Abs Res) to the mean of 300 CD4�/mm3

had to be 45 CD4�/mm3, which corresponded to a rela-
tive error of 15%.

The pattern of increase of the variation with the mean
showed that an increase in the mean %CD4� from 8.3% to
47.8% CD4� corresponded to an increase in the width of
the CI such that the Abs Res of its limits varied from 1.3%
to 3.1% for %CD4�. The relative error decreased from
16% to 6% accordingly. Moreover, an increase in the mean
of AbsCD4� from 47 to 913 CD4�/mm3 corresponded to
an increase in the Abs Res from 14 to 123 CD4�/mm3 and
a decrease in the error relative to the mean from 29% to
13% (Table 1).

Results thus far suggested that by substituting x with
the consensus mean of data obtained in comparative stud-
ies, regression equations could be solved for y and limits
of the measurement error interpolated.

Boundaries of Error Are Compatible With
Intraoperator Variability

Measurement errors depend on the extent of interlabo-
ratory variability, as CIs are related directly to the SEM.
During the process of selecting valid data, however, we
might have compressed interlaboratory variation to such
an extent that errors were incompatible with the test
error. We assumed that test error, due to the spread of
data obtained on repetitive measures by one operator, was
the least variation expected for an unknown sample.

Six samples (four HIV� and two HIV-) were analyzed as
blind triplicates (Table 2). Ranges of mean values were
6.9%–64% for %CD4� and 162–1,238/mm3 for AbsCD4�.
In all samples, Abs Res from mean %CD4� and AbsCD4�
values were higher than the Max Abs Res value of intra-

Table 1
Limits of the Measurement Error Calculated With the Regression Equations of Figure 1*

%CD4� CD4�/mm3

Mean (x)
99.9% CI

Abs Res
Relative
error (%) Mean (x)

99.9% CI
Abs Res

Relative
error (%)Lower limit Upper limit Lower limit Upper limit

8.3 7.0 9.6 1.3 16 47 33 61 14 29
10.0 8.6 11.4 1.4 14 100 80 120 20 20
15.0 13.4 16.6 1.6 11 200 167 233 33 16
20.0 18.1 21.9 1.9 9 300 255 345 45 15
25.0 22.9 27.1 2.1 8 400 342 458 58 15
30.0 27.7 32.3 2.3 8 500 429 571 71 14
35.0 32.5 37.5 2.5 7 600 517 683 83 14
40.0 37.3 42.7 2.7 7 700 604 796 96 14
45.0 42.0 48.0 3.0 7 800 692 908 108 14
47.8 44.7 50.9 3.1 6 913 790 1036 123 13

*Equations of Figure 1 were solved for y equal to the lower (L1) and the upper (L2) limits of the 99.9% CI by substituting x with the
theoretical (true) values in the tested range. Abs Res was the absolute difference between L1 or L2 and the mean. The relative error
was calculated as 100 � Abs Res/mean.

Table 2
Validation of Measurement Errors: Analysis of Residuals From the Set’s Mean*

Sample
Lab
no.

Operator
no.

Data
no.

%CD4� CD4�/mm3

Overall data Sets of replicates Overall data Sets of replicates

Meana
Abs
Resb

Max
rangec

Max Abs
Resd Meana

Abs
Resb

Max
rangec

Max Abs
Resd

A HIV� 5 6 18 17.3 1.7 2 1.4 457 65 61 39
B HIV� 5 7 21 22.6 2.0 3 1.6 359 53 39 22
C HIV� 4 5 15 40.8 2.7 4 1.9 726 99 90 56
D HIV� 7 8 24 16.0 1.7 2 0.7 227 36 48 19
E HIV� 5 7 21 64.0 3.8 2 1.2 1238 164 121 79
F HIV� 5 7 21 6.9 1.3 1 0.8 162 28 36 20

*Six samples (two HIV� and four HIV�) were analyzed by 15 operators in 11 labs in the first send-out (samples A, B, and C) and
by 18 operators in 15 labs in the second send-out (samples D, E, and F). Each operator tested one set of blind triplicates of the same
sample except for two operators who tested three and two sets of replicates, respectively, in both shipments.

aConsensus mean.
bAbsolute residual calculated by the proposed equations (Fig. 1).
cMaximal range of results in sets of replicates.
dMaximal value of Abs Res distribution (intraoperator, from means of replicates).
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operator residuals. As an example, in the case of sample A
and for the AbsCD4� parameter, the interpolated accept-
able Abs Res for 457 CD4�/mm3 was 65 CD4�/mm3,
whereas the Max Abs Res was 39 CD4�/mm3, indicating
that data selection compressed interlaboratory variation to
a level still compatible with intraoperator variation.

However, since the Abs Res to a target of 40% CD4�
was 2.7% (Table 1), a value lower than the 5% indicated by
the NIAID DAIDS program, we studied error patterns of
%CD4� evaluations in larger data sets. In the first series of
studies, we shipped blind replicates of HIV- specimens
showing mean %CD4� values of 45.2% (A), 45.4% (B), and
47.8% (C; Table 3). Whereas Abs Res were 2.9%, 3%, and
3.1%, Max Abs Res were 2.5%, 2.2%, and 2.1% respec-
tively, confirming the previous conclusion that limits of
error calculated with the equations of Figure 1 fit with the
test error.

In a second set of experiments, carried out in four
different send-outs, residuals from the overall mean were
examined in interlaboratory studies with T-cell samples
consisting of mixtures of CD4� and CD8� T-cell clones
containing predetermined %CD4� contents in the range
5%–40% CD4�. Figure 2 showed that although the me-
dian Abs Res Lab (represented by the line within the box)
increased with %CD4� lymphocytes present in the mix-
tures, it was lower than 5% CD4�, even when 40% CD4�
samples were analyzed.

Validation of Limits of Error as a Grading Criterion in PT

Our purpose was the evaluation of the number of un-
acceptable data when limits of acceptable errors, calcu-
lated over the consensus mean and over the median, were
used as grading criteria (A1 and B1). We studied how many results unaccepted by A1 or by B1 were also unac-

cepted by the second criterion (absolute deviate equal or
greater than 2; criteria A2 and B2). In addition, we com-
pared our method with three other methods available for
setting standards for laboratories, all based on the distri-
bution of results obtained by laboratories on the test
sample. We evaluated performance of laboratories of two
external QA programs: the Liguria Region QALI, on data
that followed those used to determine limits of error, and
the Piemonte Region QA Program (Table 4).

The fractions of unacceptable results by criteria A1 and
B1 were very similar both in the Liguria Region QALI and
in the Piemonte Region QA Program sets of data. By
comparing A1 versus B1, we obtained 25% versus 27%
total %CD4�, 18% versus 19% total AbsCD4� in the
Liguria Region QALI; 30% versus 31% total %CD4� and
35% versus 35% total AbsCD4� in the Piemonte Region
QA Program. The degrees of agreement of A1 with B1 for
%CD4� and AbsCD4� were excellent (k � 0.90) in both
QA programs. In the Liguria Region QALI, a slightly higher
proportion of unacceptable results was found by criterion
B2 compared with A2 (14% versus 10% total %CD4�, 11%
versus 8% total AbsCD4�).

Comparison of our method with the other methods was
performed with the Piemonte Region data set. Interest-
ingly, our first criterion, A1, identified a similar proportion
of unacceptable results as the U.K. NEQAS criterion E1

Table 3
Validation of Measurement Errors for %CD4�

Values of HIV Samples*

Sample
Lab
no.

Operator
no.

Data
no.

%CD4�

Overall data
Sets of

replicates

Meana
Abs
Resb

Max
rangec

Max
Abs
Resd

A 12 12 120 45.2 2.9 4.5 2.5
B 9 9 45 45.4 3.0 3.5 2.2
C 11 16 64 47.8 3.1 4.0 2.1

*Twelve, 9, and 11 labs were selected for shipments A, B, C,
respectively. Five labs participated with two operators in ship-
ment C. Labs received 10, 4, and 5 blind replicates of the same
sample in shipments A, B, and C, respectively. Evaluation of
%CD4� was performed in the context of a complete immuno-
phenotype in B and C. In A, %CD4 was determined with a single
tube (anti-CD3-FITC plus anti-CD4-PE) on lymphocytes gated
on physical parameters.

aConsensus mean.
bAbsolute residual calculated by the proposed equations (Fig.

1).
cMaximal range of results in sets of replicates.
dMaximal value of Abs Res distribution (intraoperator, from

means of replicates).

FIG. 2. Comparative studies with mixtures of T-cell clones with a
predetermined CD4� content. Results refer to four different send-outs in
which different preparations of cellular standard samples were used.
Tested T-cell frequencies were 5%, 10%, 20%, 40% plus a negative
control (0% CD4�, 100% CD8�; not shown). Data of different experi-
ments relative to samples containing the same CD4� frequency were
pooled and Abs Res Lab (%) from the overall mean calculated. Statistical
analysis was performed on the mean of 43 data points for CD4� analysis
of the T-cell mixture. Lines on the box plot represent the 25th, the
median, and the 75th percentile of Abs Res Lab (%) distribution. Circles
represent data outside the 10th and the 90th percentiles.
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(30% versus 29% total %CD4� and 35% versus 28% total
AbsCD4�, respectively). The degrees of agreement of A1
with E1 were good (%CD4�, k � 0.75; AbsCD4�, k �
0.65), suggesting that laboratories inside our limits of
acceptable error, roughly corresponding to 70% of partic-
ipating centers, can well be defined as laboratories of
excellence.

It was clear that the introduction of the deviate param-
eter that corrects the unacceptable residual for the spread
of results obtained by laboratories on that specimen made
our method (criteria A2 and B2) very similar to criteria C,
E2, and D (which actually coincided with A2). The agree-
ment of A2 with C was good for %CD4� (k � 0.65) and
excellent for AbsCD4� (k � 0.77), as was the agreement
of A2 with E2 (k � 0.71 for %CD4� and k � 0.77 for
AbsCD4�). Moreover, the degrees of agreement of B2
with C and B2 with E2 were excellent for both %CD4�
and AbsCD4� (range of k values � 0.76–0.85).

In conclusion, our grading criterion (A1 or B1), based
on limits of error calculated with the regression equations,
was more restrictive than methods C, D, and E2 but had a
very similar impact on grading to the U.K. NEQAS first
criterion (E1).

DISCUSSION
The Liguria Region QALI includes PT as a measure of

the performance of laboratories. Thus, the definition of
grading criteria for PT was a pivotal and preliminary issue.

The evaluation of a laboratory’s CD4� value with a
passing or a failing result, defined by the residual and the
deviate statistical parameters, was adopted from the NI-
AID DAIDS QA program. The residual describes the devi-
ation of the laboratory’s value from a central tendency
value, either the consensus mean or the median. We
assumed that, for a certain mean value, the maximum of
the residual should be represented by the difference be-

tween the 99.9% confidence limits of the mean and the
mean in an ideal population of measures, typical of labo-
ratories of excellence, devoid of unusual results, and nor-
mally distributed. Thus, the probability to misclassify a
laboratory that reports results outside these limits as a
poor performer is very low (1/1,000). Any laboratory’s
result included within the estimated limits of error and
thus characterized by a residual between 0 (when the
laboratory’s value is equal to the mean or the median) and
a maximal value typical of the 99.9% limits (Fig.1, Table 1)
is accepted and scored with 2. Any laboratory’s value with
a residual higher than that defined by the regressed limits
of error, called “critical,” is unacceptable by the residual, the
first statistical parameter that defines unacceptable data.

We designed limits of critical error to reflect the ideal,
not the actual variability of results. In fact, the final pur-
pose of grading was the reduction of interlaboratory
variability to that expected in a group of extensively
standardized and quality-controlled laboratories, so-called
laboratories of excellence. Although an error of 83 CD4�/
mm3 for a measure of 600 CD4�/mm3 may not be clini-
cally relevant, it is paramount that a CD4� result of 200 or
300 CD4�/mm3 be the same or the most alike as possible
in two different laboratories. It is important to point out,
however, that even considering this theoretical variability,
the true value of a sample with measured 200 CD4�/mm3

had 99.9% probability to be included between 167 and
233/mm3. Uncompressible variability when measure-
ments are performed in different laboratories, technical
bias over time, and within-individual variability should all
be taken into consideration before staging HIV disease or
before making therapeutic decisions on the basis of
threshold limits of CD4� counts (34–37).

Our data indicate that variability in results was greater
in AbsCD4� as the count increased. Moreover, due to the

Table 4
Validation of Measurement Errors as Boundaries for Unacceptable Performance Definition in PT Programs*

Program Parameter

Total
data

Accepted
data by

all criteria

Unacceptable data by the criteria

Consensus mean Median
Paxton’s
criterion

U.K. NEQAS
criterion

A1 A2 � D B1 B2 C E1 E2
No. No. % N % N % N % N % N % N % N %

Liguria
Region %CD4� 212 153 72 53 25 22 10 57 27 30 14 18 8 nd nd nd nd

CD4�/mm3 216 172 80 39 18 18 8 41 19 23 11 16 7 nd nd nd nd
Piemonte

Region %CD4� 840 530 63 256 30 82 10 264 31 101 12 54 6 243 29 64 8
CD4�/mm3 823 485 59 288 35 75 9 292 35 86 10 56 7 231 28 59 7

*Data from five send-outs (15 samples) to 16 labs (28 operators) in the Liguria Region QALI and data from 33 send-outs (33
samples) to 42 labs in the Piemonte Region QA Program were examined by different criteria for the definition of unacceptable data:
A1, Abs Res Lab from the consensus mean higher than the Abs Res of the 99.9% confidence limits interpolated over the consensus
mean; A2, unacceptable results by A1 and with absolute deviates (Abs Res Lab/SD) equal or greater than 2; B1, Abs Res Lab from the
median higher than the Abs Res of the 99.9% confidence limits interpolated over the median; B2, unacceptable results by A1 and with
absolute deviates (Abs Res Lab/0.75 IQR) equal or greater than 2; C, results outside the 25th percentile � 1.5 IQR and the 75th
percentile � 1.5 IQR (Paxton’s criterion); D, results outside the consensus mean � 2 SD (this criterion coincided with A2); E1, results
outside 10% trimmed mean � 1 trimmed SD; E2, results outside 10% trimmed mean � 2 trimmed SD. nd, not determined because
the U.K. NEQAS criterion was applicable in some cases (sample size lower than 15; 31).
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association of mean values with variation, residuals in-
creased with the increase of the mean whereas relative
errors decreased (Fig. 1, Table 1). Although this pattern
was expected when measures were expressed as percent
values, it was more dramatic with AbsCD4� than with
%CD4�. Consistent with this observation, previous find-
ings of a national QA program in Italy showed a higher
frequency of unacceptable AbsCD4� data on more than
300 CD4�/mm3 samples than on less than 200 CD4�/
mm3 samples for unacceptable AbsCD4� Abs Res equal
or greater than 100 CD4�/mm3 (14). The present data
may also explain the significantly higher frequency of
unacceptable %CD4� data found in the Liguria Region
QALI on normal versus pathological samples for %CD4�
Abs Res equal or greater than 5% CD4� (unpublished
observations). Twenty-nine unacceptable %CD4� of a to-
tal of 167 %CD4� results (27.3% of total data) were found
in HIV- compared with 12 unacceptable %CD4� of a total
of 149 %CD4� results (8% of total data) found in HIV�
samples (	2 test, P � 0.029). The indication from these
former studies that a fixed residual, irrespective of the
mean CD4� value, was unsuitable to the definition of
unacceptable data in pathological samples prompted us to
undertake the present study by systematically looking at
the errors with samples bearing different true values. As a
conclusion, we propose the general application of the
regression equations, found with experimental data, to
determine the boundaries for unacceptable data in rela-
tion to the true value.

Our limits of error of %CD4� evaluations were nar-
rower than the ones used in the NIAID DAIDS program,
although they were compatible with the test error by keen
operators, representing the best effort of our local labora-
tories (Tables 2 and 3). Various factors could have nar-
rowed the variability of original measures (before data
selection) obtained in the Liguria Region QALI. First, we
tested specimens on the day they were collected, in con-
trast to most QA programs that use shipped samples, thus
eliminating possible sources of error due to overnight
delivery. We used fairly standard protocols that excluded
three and four-color panels and flow cytometric-based
absolute cell counting. Although multicolor panels and
single-platform absolute counting should account for a
lower interlaboratory variability than the two-color panel
and the dual-platform absolute counting technology used
throughout this study (37–40), the use of all these differ-
ent methodologies at the same time might increase the
extent of variability.

Second, we examined the validation of limits of error as
the basis of our grading criterion. Measurement errors
were defined with experimental data by a relative low
number of laboratories, although they represented the
majority of immunophenotyping laboratories present in
our region. Therefore, we proved the feasibility of this
criterion also on data of the Piemonte Region QA Pro-
gram, which represents a wider variety of laboratory set-
tings than the Liguria Region QALI.

An important issue was the similarity of impact on
grading obtained with criteria A1 and B1 for x value equal

to the consensus mean and median, respectively (Table 4).
The higher fraction of unacceptable data by B2 compared
with A2, which was found in the Liguria Region QALI and
was barely seen in the Piemonte Region QA Program data,
could be ascribed to the asymmetric distributions of the
Liguria Region QALI data. Indeed, a modified IQR seems to
be an unbiased estimate of the true SD only if the distri-
bution is Gaussian (41). It was interesting that for %CD4�,
the agreement between B2 and C, where limits were
calculated with a nonparametric approach, was excellent
(k � 0.83).

Because the overall median is calculated more readily
than the consensus mean during analyses of PT data, we
suggest method B (B1 and B2) as the most direct and
suitable approach to evaluate laboratory performance in
multisite comparison studies. A similar proportion of un-
acceptable %CD4� data was found in the Liguria Region
QALI and in the Piemonte Region QA Program databases
(25% versus 30% by criterion A1 and 27% versus 31% by
criterion B1, respectively; Table 4). On the contrary, the
frequency of unacceptable AbsCD4� was higher in the
Piemonte Region QA Program than in the Liguria Region
QALI (35% versus 18% with criterion A1 and 35% versus
19% with criterion B1, respectively). Therefore, the par-
ticipation of a larger number of laboratories and the use of
shipped specimens in the Piemonte Region QA Program
seemed to have changed the dimensions of the AbsCD4�
results. Probably the sole intrinsic variability of hemato-
logical measurements in overnight samples may explain
the increased variability in absolute lymphocyte counts
(data not shown) and in the AbsCD4� counts observed in
the Piemonte Region QA Program. Currently, it is recog-
nized that hematology instruments contribute more to the
variation in AbsCD4� than the flow cytometer (42). In
two studies (38,40) assessing the accuracy of the single-
platform measurements compared with flow cytometry
plus hematology, there was a trend that showed that
lymphocyte subset counts increase with the sample age
when analyzed by conventional flow cytometry plus he-
matology. This seemed to be due to an increase in the
absolute lymphocyte counts detected by some hematol-
ogy instruments.

The high fraction of unacceptable data by A1 and B1
(30%–31% unacceptable %CD4� and 35% unacceptable
AbsCD4�) was similar to the fraction found with E1 (29%
unacceptable %CD4�, 28% unacceptable AbsCD4�).
Comparison of criterion A2 or B2 with E2 confirmed the
agreement of our method with the method used in the
U.K. NEQAS Scheme that is fully accredited according to
the Clinical Pathology Accreditation System (EQA) UK Ltd.
(D. Barnett, personal communication). The comparable
impact on grading observed between our method and the
U.K. NEQAS was desirable in the light of achieving a
similar degree of excellence within Europe. We stress,
however, the striking difference between our method and
the U.K. NEQAS method. Our method allows a unique
definition of a certain deviation from a true value (either
acceptable or unacceptable by the limits a priori deter-
mined by the regression equations). In contrast, with the
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U.K. NEQAS and with other methods (C and D), where
boundaries of acceptable data are based on the variability
of measures obtained by laboratories that had analyzed
that specimen, the definition of an unacceptable result
entirely depends on whether poor performers partici-
pated in a particular sample.

To understand the sensitivity of our criterion A1 or B1,
we studied the decrease in the mean interlaboratory vari-
ability obtained over the 33 samples after removal of
unacceptable data by the various methods (data not
shown). Raw data showed a mean coefficient of variation
(CV) of 8.4% for %CD4� and 19.9% for AbsCD4�, figures
in line with those reported in other investigations relative
to the dual-platform technology (37). The mean CV after
removal of unacceptable AbsCD4� by A1 or B1 was 7%,
whereas it ranged between 12% and 14% after removal of
unacceptable data with C, D, or E2.

Results suggest the educational purpose of a more se-
vere and sensitive criterion that would provide an incen-
tive for laboratories to improve their performance with
the final reduction of interlaboratory variability (CV �10%
for AbsCD4�). Laboratories should be pressed to meet
criterion A1 or B1, suggestive of a level of performance
characterized by the production of highly accurate results.
A traditional area of laboratory excellence concerns ana-
lytical procedures and results specifically (17,18), al-
though recently customer satisfaction and the turn-
around-time of tests are receiving more attention as
quality measures. The fact that the Piemonte Region QA
Program scheme adopted a grading criterion (consensus
M � 2 SD) not sufficiently able to select out unusual
results could also explain the high fraction of unaccept-
able results in the Piemonte Region data found with cri-
teria A1 and B1.

The aim of an additional looser criterion (A2 or B2) is to
keep the grading system from being punitive for the lab-
oratory. For example, the laboratory with an unacceptable
residual is given another chance to move into the accept-
able range and pass the test, if the variability of measures
on that sample is unusually large. If the absolute deviate is
lower than 2, the result is deemed acceptable and is
scored 1. On the contrary, if the deviate is greater than 2,
the data are definitely unacceptable and scored 0. The
notification of a passing result scored 1 (result unaccept-
able for A1 or B1) should call the attention of the labora-
tory personnel to problems in the analysis procedure. A
failing result scored 0 (result unacceptable for A2 or B2)
should urge the laboratory to implement remedial actions.
A passing result scored 2 is indicative of excellent perfor-
mance.

This study made two major findings. First, we estab-
lished a range of acceptable errors for different CD4�
values in the clinical relevant range. According to the
intrinsic variability of measures among high-quality labo-
ratories (laboratories of excellence), the ranges of error
we report can be used as a reference term for the valida-
tion of new methods for CD4� testing. Because the mea-
surement error is expected to change with advances in
technology, this study will be integrated with the single-

platform CD4� analysis. Second, this grading system,
based on boundaries for unacceptable data defined by the
measurement error, is applicable to other PT programs for
cell enumeration in clinical flow cytometry, namely,
CD34� stem cell and low-level leukocyte counting (37).
Most importantly, laboratories with results within these
boundaries of error can be selected as centers of excel-
lence for institutional accreditation.
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