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On-site Prothrombin Time, Activated Partial
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A Comparison between Whole Blood and Laboratory Assays with
Coagulation Factor Analysis in Patients Presenting

Jor Cardiac Surgery
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Background: Although available hemostasis assays from in-
stitutional laboratories permit an analytical approach to di-
agnosis and treatment of coagulation disorders following car-
diopulmonary bypass, their clinical utility has been limited
by delays in obtaining results. The development of instru-
mentation for on-site testing allows rapid return of results.
This study was designed to compare whole blood (WB) results
obtained from on-site coagulation assays with values provided
by our institutional laboratory (LAB).

Methods: After Institutional Human Studies Committee ap-
proval, 362 patients presenting for cardiac surgery requiring
cardiopulmonary bypass were enrolled in this study. Pro-
thrombin time (PT), activated partial thromboplastin time
(aPTT), and platelet count (PLT) assays were performed in
both WB and LAB systems. PT, aPTT, and PLT measurements
were compared between WB and LAB assays using blood spec-
imens obtained from at least two time points for each patient.
Normal range values for both PT and aPTT methods were de-
termined by using measurements from a normal reference
population. Coagulation factor levels were measured in a sub-
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set of patients to characterize the response of PT and aP1T
assays to individual and multiple factor levels. To employ
Bayes’ theorem and calculate predictive indexes (e.g., sensi-
tivity, specificity), the disease or factor deficiency was deter-
mined using factor levels. Predictive indexes were used to
evaluate the ability of PT and aPTT assays to identify factor
deficiency.

Resuldts: PLT counts were similar between systems. Linear
regression and bias analysis demonstrated similar results for
WB and LAB PT and discordant results for aPTT measurements.
Both PT assays had a similar normal range, whereas a wider
distribution of results was evident for the WB aPTT normal
range. Although statistically greater slopes for factor:aPTT
regressions were observed for the WB system, WB aPTT cor-
related better with factor V and with factor V, VIII, and XII
levels (multivariate linear regression). Diagnostic perfor-
mance for factor levels less than 0.3 and 0.4 U/ml was similar
for both WB and laboratory PT and aPTT assays. WB and LAB
PT and aPTT assays performed similarly in detecting factor
deficiency in the period after cardiopulmonary bypass.

Conclusions: WB PT and PLT values correlate well with those
obtained from the LAB. The discrepancy between measure-
ment systems in aPTT values is probably a reflection of both
different normal ranges and responsiveness to factor defi-
ciency. These WB assays provide coagulation results that can
accurately identify patients with quantitative deficiencies in
platelets and coagulation factors. (Key words: Coagulation:
activated partial thromboplastin time; platelet count; pro-
thrombin time. Monitoring: coagulation. Surgery: cardiac.)

COAGULATION disorders following cardiopulmonary
bypass (CPB) pose diagnostic and therapeutic chal-
lenges because of their multifactorial ctiology and po-
tentially life-threatening nature.'™® Use of a panel of
rapidly performed screening tests such as the pro-
thrombin time (PT), activated partial thromboplastin
time (aPTT), thrombin time, platelet count (PLT), and
fibrinogen level has been recommended to delineate
the etiology of intraoperative disorders of hemostasis.”
Although laboratory coagulation assays facilitate ra-
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tional diagnosis and treatment of coagulation disorders
following CPB, delays in obtaining results limit their
clinical use. The clinical utility of rapid determination
of whole blood (WB) PT, aPTT, and PLT in the oper-
ating room has been evaluated in a randomized, pro-
spective trial using a transfusion algorithm based on
these on-site coagulation results.® This study demon-
strated that use of on-site coagulation assays can reduce
blood product administration, decrease operative time,
and minimize mediastinal chest tube drainage. This
study did not directly address the diagnostic perfor-
mance of these WB coagulation assays or compare them
to corresponding assays from our institutional labora-
tory.

As previously addressed, three questions commonly
asked when evaluating the performance of a new assay
include: Is there a difference between results from the
new assay and a *‘gold standard”’? If there is a difference,
is this difference great enough to make one of the
methods inaccurate? When the measurements from the
new test are repeated, what is the precision of the new
test?” This approach provides an appropriate compar-
ison of PLT measurements between a laboratory “‘gold
standard” and an on-site mecasurement obtained by
nonlaboratory personnel. Comparison of aPTT assays
between coagulation monitoring systems is compli-
cated by the fact that several variables can influence
aPTT values measured by two different laboratory sys-
tems.'®!! Therefore, an aPTT standard does not exist
because of the inconsistent sensitivity of available re-
agents to heparin or coagulation factor deficiency and
because of the variability associated with different
methods. Similarly, comparisons of PT assays are com-
plicated by significant measurement variability sec-
ondary to the variation in performance between differ-
ent thromboplastin reagents.’> Moreover, in patients
with reductions of multiple factors, significant vari-
ability (30-35%) unrelated to underlying clotting fac-
tor levels can occur in PT results.'* Comparison of PT
and aPTT (PT:aPTT) assays between methods, there-
fore, should not be limited to the absolute difference
of measurements between assay systems with standard
statistical analysis. These analyses should be replaced
with statistical methods that assess the correlation of
measurements from each method with coagulation fac-
tor levels. In addition, statistical methods that evaluate
diagnostic accuracy or a test’s ability to predict factor
deficiency should be employed.

The present study compares results obtained from
on-site WB assays with those obtained from corre-
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sponding assays performed in our institutional labo-
ratory. The performance of PT and aPTT assays from
both systems is evaluated with factor level analysis.

Methods and Materials

Patients in this study were drawn from a series of 362
consecutive adult patients undergoing cardiac surgery
requiring CPB at the authors’ institution after approval
by the Institutional Human Studies Committee. All pa-
tients were anesthetized with an opioid-based tech-
nique, and the anesthetic was supplemented with in-
halational anesthetic agents, muscle relaxants, and
benzodiazepines. CPB was accomplished with a Bio-
medicus centripetal pump and a Cobe membrane ox-
ygenator. Our perfusion staff routinely primed the CPB
system with 2 1 of Plasmalyte solution, 50 mEq sodium
bicarbonate, 25 g Mannitol, and 5,000 U of porcine
heparin. During cardioplegia, systemic hypothermia
was maintained at 28° C. Systemic anticoagulation for
CPB was accomplished with porcine heparin at an ini-
tial dose of 250 U/kg body weight. Adequate antico-
agulation for CPB was assessed by means of the activated
clotting time (ACT), and further doses of heparin were
administered as needed to maintain an ACT of >480 s.
After rewarming the patient to 37° C, extracorporeal
circulation was discontinued and heparin was neu-
tralized with protamine (0.8 mg of protamine per
milligram of total heparin administered before and
during CPB).

Times for collecting blood specimens for hemato-
logic assays were as follows: period 1 (pre-CPB), before
systemic anticoagulation with heparin for CPB; period
2 (post-CPB), after the neutralization of heparin with
protamine; and period 3 (pre-ICU), at the termination
of the operation. Aliquots from the same blood speci-
men obtained via radial or femoral intraarterial cath-
eters after removal of six deadspace volumes were used
for hemostasis analysis by both laboratory and on-site
laboratory systems.

On-site hematologic assays included WB PT, aPTT
(WB aPTT), PLT, and ACT. On-site PLTs (T540 PLT)
were determined electronically by the Coulter T540
hemocytometer (Hialeah, FL). WB PT and aPTT were
determined by a battery-powered portable instrument
(Biotrack 512, Ciba Corning, Medfield, MA) that uses
disposable plastic reagent cartridges as described by
Lucas et al.'* After cartridge prewarming (to 37° C),
a drop (minimum of 25 ul) of nonanticoagulated WB
was applied to the cartridge. The specimen was drawn
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by capillary action into the reagent chamber where the
reagent was rehydrated with either thromboplastin
(PT) or a chemical activator and soybean phosphatide
(aPTT). The cessation of blood flow when the blood
sample coagulates is sensed by a laser photometer. The
elapsed time to coagulation is converted mathemati-
cally to a plasma equivalent PT or aPTT. WB ACT also

as determined intraoperatively with a Hemochron in-
strument (International Technidyne, Edison, NJ). On-
site WB PT, aPTT, and PLT results were obtained within
1 to 2 min and were assayed in duplicate.

The standard laboratory assays included the one-stage
PT, a modification of the method initially described by
Quick et al.,"® performed on citrate anticoagulated
plasma using a rabbit brain thromboplastin (Ortho Di-
agnostics, Raritan, NJ) and a Coagulab 40A analyzer
(Ortho Diagnostics); and the aPTT, a modification of
the method initially described by Proctor and Rapa-
port,'® also performed on citrate anticoagulated plasma
using the Coagulab 40A analyzer and Thrombosil re-
agent (Ortho Diagnostics). Thrombin times with prot-
amine correction were determined by a modification
of the method as described by Jim.'” Fibrinogen levels
were determined by the method of Clauss.'® Fibrin split
product levels were measured with Dade reagent using
the latex method as described by Allington.!? Bleeding
times were performed with the Simplate technique as
described by Babson and Babson.”® PLTs were per-
formed electronically with the Coulter S + 4, an au-
tomated Coulter hemocytometer.

After laboratory processing, a plasma aliquot of each
blood specimen collected from two periods (pre-CPB
and post-CPB) was labeled, frozen, and stored for po-
tential factor analysis. Levels for factors V, VII, VIII,
IX, X, and XII were determined on a subset of patients
(n = 73) from both pre-CPB and post-CPB intervals;
one-stage factor assays were done by the method of
Quick'® for the PT-based assays and by the method of
Langdell et al.?' for the aPTT-based assays. Patient se-
lection for factor analysis was based on the distribution
of patients (%) within three laboratory aPTT categories.
The percentage of patients in each of the aPTT subsets
was used to determine how many randomly designated
patients were assayed within each aPTT subset. The
aPTT categories included: category 1, aPTT < 1.5 X C

$¥ British Standards Institution: Precision of Test Methods 1: Guide
for the Determination and Reproducibility for a Standard Test Method.
British Standards 5497, Part 1. London, British Standards Institute,
1979.
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(mean result derived from a normal reference popu-
lation); category 2, 1.5 X C < aPTT < 1.8 X C; and
category 3, 1.8 X C < aPTT.

All test results were recorded, and PT:aPTT values
obtained from WB and LAB assays were expressed as
the mean of duplicate measurements. Blood specimens
were obtained in the pre-CPB interval from a normal
population of patients who were not receiving pre-
operative heparin or warfarin. WB and laboratory PT:
aPTT measurements from this normal reference pop-
ulation of patients were used to determine normal range
values (n = 189). The normal range was defined as the
mean or control (C) value + 2 SD obtained from a
normal reference population.

Ordinary (nonweighted) least squares linear regres-
sion was used to estimate a linear relationship between
measurements obtained from the PT, aPTT, and PLT
assays for the two methods (P < 0.05 considered sta-
tistically significant). Bias analysis was used to test
agreement between values obtained from each method
for the PT, aPTT, and PLT assays.?* Between-machine
repeatability of the WB PT and aPTT assays was assessed
by calculating the cocfficient of repeatability (defined
as twice the standard deviation of the difference be-
tween replications of a measurcment)$¥ using two
separate Biotrack machines.

WB and LAB methods were compared by analyzing
the response of PT and aPTT assays to individual co-
agulation factor levels with univariate linear regression.
These relationships were illustrated with logarithmi-
cally transformed variables on log-log plots to generate
a better linear fit, as previously described.*® Coagula-
tion factors that demonstrated a significant association
with both PT and aPTT assays with univariate analysis
were subjected to stepwise multivariate linear regres-
sion analysis using a backward elimination procedure.
At each stage of the elimination procedure, the coag-
ulation factor with the largest current P value was
eliminated until all remaining factors were or became
statistically significant (P < 0.05). This resulted in
three significant factors for each assay: factors V, VII,
and X for the PT assay and factors V, VIII, and XII for
the aPTT assay. Additional comparisons between meth-
ods were made by analyzing the response of PT and
aPTT assays to each set of the three remaining factors
with multivariate linear regression. These comparisons
were illustrated graphically with logarithmically trans-
formed variables on log-log plots for each assay, PT and
aPTT. The bootstrap method was used to test for equal-

ity of slopes for each regression.**
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Fig. 1. Bias analysis of laboratory (LAB PLT) versus Coulter
T540 (T540 PLT) platelet count measurements (in thousands).
The difference between T540 PLT and LAB PLT measurements
is plotted on the y axis, and the average of these two PLT
measurements is plotted on the x axis. The mean differences
+2 SD are recorded on along the right axis and represented
by the horizontal lines in the graph. N = number of measure-
ments used in the analysis.
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Bayes’ theorem has been used in previous reports to
evaluate the diagnostic performance of assay systems.?*
Using this statistical method to evaluate diagnostic ac-
curacy of an assay requires the definition of two fun-
damental variables: (1) a disease state and (2) an ab-
normal test result. In the analysis of our data, the disease
state was coagulation factor deficiency and this state
was defined at three separate factor levels (set-points):
detection of at least one coagulation factor less than
0.20, 0.30, or 0.40 U/ml. Positive test results were
defined using two criteria: (1) PT or aPTT measure-
ments were positive when equal to or greater than the
upper limit of the normal range (mean + 2 SD) derived
from a normal reference population, as previously de-
scribed;?® and (2) PT or aPTT measurements were pos-
itive when equal to or greater than a defined control
value (e.g., 1.5 C, 1.8 C). For each factor deficiency
state (set-point) and positive test result, Bayes’ theorem
was used to calculate predictive indexes. Sensitivity is
defined as the percentage of patients with a factor de-
ficiency who have a positive test result. The specificity
is defined as the percentage of patients without a factor
deficiency who have a negative test result. Positive pre-
dictive value is defined as the percentage of patients
with a positive test result who have a factor deficiency.
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Negative predictive value is defined as the percentage
of patients with a negative test result who do not have
a factor deficiency. Accuracy was defined as the pro-
portion of correctly predicted cases, positive or nega-
tive.

To compare the diagnostic performance of PT and
aPTT assays between systems, predictive indexes (e.g.,
sensitivity, specificity) were calculated using pre- and
post-CPB data. Commonly defined positive PT and aPTT
test results (PT or aPTT result at or above the upper
limit of the normal range) along with two representa-
tive reagent sensitivities (0.3 and 0.4 U/ml factor level
set-points) were used in this analysis. In a separate
analysis using post-CPB results, predictive indexes were
calculated over a series of control values (PT or aPTT
result =1.5 C, 1.8 C, and so on) to enable clinicians
to evaluate the predictive value (positive and/or neg-
ative) of a particular result in this critical period. Ac-
cordingly, predictive indexes were generated over var-
jious control values at the 0.20 and 0.30 U/ml factor
level set-points because it has been suggested that these
levels of factor V and X are required for normal he-
mostasis.?’

Results

Linear Relationship and Bias Analysis of PT,

aPTT, and PLT Measurements between Methods

Platelet Count Measurements. Linear regression
revealed a good relationship between the PLT obtained
from the on-site laboratory (T540) to that obtained
from the institutional laboratory (T540 = 1.07LAB —
5.73, r* = 0.98). Figure 1 depicts the bias analysis that
demonstrated a mean difference of +4,900 with + 2
SD limits of —27,700 to +37,500. A value less than
150,000 is considered to be an abnormal result in our
institutional laboratory. When the range of PLT mea-
surements is divided into those equal to or less than
150,000 and those greater than 150,000, the mean
difference with *+ 2 SD limits is much smaller for the
group less than 150,000 (+580: —12,900 to 14,100)
than for the group greater than 150,000 (+10,340:
—34,000 to 55,700).

PT Measurements. A good relationship between WB
PT values (WB measurements that are converted math-
ematically to plasma equivalent values) and the LAB
PT is demonstrated with linear regression (WB =
1.07LAB — 1.30, r? = 0.86). Figure 2 characterizes the
bias analysis that demonstrated a mean difference of
—0.1 s with 2 SD limits of —3.5 to +3.3 s.
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Fig. 2. Bias analysis of prothrombin time (PT) measurements
(in s) of laboratory (LAB PT) versus whole blood (WB PT). WB
PT mecasurements are converted mathematically to plasma
equivalent values derived from the Biotrack 512. The differ-
ence between WB PT and LAB PT measurements is plotted on
the y axis, and the average of these two PT measurements is
plotted on the x axis. The mean differences 2 SD are recorded
on along the right axis and represented by the horizontal lines
in the graph. N = number of measurements used in the anal-
ysis.

aPTT Measurements. In contrast, lincar regression
reveals a variable relationship between WB aPTT values
(WB measurements that are converted mathematically
to plasma cquivalent values) to LAB aPTT measurements
(WB = 0.85LAB + 16.45, r* = 0.63). This variability
in aPTT values obtained from both methods also is
demonstrated with bias analysis, which reveals a mean
difference of +10 s with 2 SD limits of —18.8 to +38.8
s (fig. 3).

Between-machine Reproducibility for WB PT and
aPTT. Between-machine reproducibility of the WB PT
assay was assessed with bias analysis with results from
two Biotrack machines (A:B). Bias analysis revealed a
mean PT measurement difference of +0.15 (28D —1.3
to +1.6 s; range —3.9 s to +2.6 s) between machines.
Similarly, between-machine reproducibility of the WB
aP'I'T assay was assessed with bias analysis. Bias analysis
revealed a mean aPTT measurement difference of +0.5
$ (28D —2.5 to +3.4 s; range —6.2 to +8.1 s) with
results from two machines. Both WB assays perform
well in repeatability as assessed by the coefficient of
repeatability (twice the standard deviation of the dif-
ference between replications of a measurement) for
cach assay (PT: 1.44 s;aPTT:2.94 s)."

Normal Range for PT and aPTT Measurements.
Normal range values, defined as the range of measure-
ments (mean = 2 SD) obtained from a normal reference
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population were determined for both PT and aPTT as-
says from both systems. The mean (WB 12.8 s, LAB 13
s) and normal range (WB 11-14.7 5, LAB 11.4-14.6
s) values for the PT assay are similar between methods.
Although the mean aPTT values for 2 normal population
arc comparable between methods (WB 32 s, LAB 29
), WB aPTT values have a wider distribution than those
from the laboratory, as indicated by a wider normal
range (WB 19-45 s, LAB 23-36 5).

Response of PT:aPTT to Factor Levels. Factors V and
X had the most significant impact on both the PT and
aPTT assays as assessed by univariate regression. The
relationship of both assays to factor X and factor V had
a similar fit with both PT methods, as illustrated by the
r* values in figure 4. Both WB and laboratory PT meth-
ods responded similarly to factor X and factor V levels
as assessed Dby the comparison of slopes between
regressions (factor 'V regression slopes —0.30 vs.
—0.29, respectively, P = 0.177; factor X slopes —0.39
vs. —0.37, respectively, P = 0.083). In contrast, the
regression lines in figure 5 illustrate a different response
to factor V and factor X between aPTT methods. The
slopes for both factor Vand X regressions versus aPTT
result (fig. 5) were different between WB and Iaboratory

. ) N=417

38.8

10.0

: -18.8

-90 .
25 50 75 100 125 150

WB aPTT - Lab aPTT (seconds)

Mean aPTT (seconds)

Fig. 3. Bias analysis of activated partial thromboplastin time
(aPTT) measurements (in s) of laboratory (LAB aPTT) versus
whole blood (WB aPTT). WB aPTT measurements are converted
mathematically to plasma equivalent values derived from the
Biotrack 512, The difference between WB aPTT and LAB aPTT
measurements is plotted on the y axis, and the average of
these two aPTT measurements is plotted on the x axis. The
mean differences =2 SD are recorded on along the right axis
and represented by the horizontal lines in the graph. N =
number of measurements used in the analysis.
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Fig. 4. Factor V and factor X levels (normal range 0.5-1.5 U/ml) versus laboratory (LAB) and whole blood (WB) prothrombin
time (PT). WB PT measurements are converted mathematically to plasma equivalent values derived from the Biotrack 512. 12
= % variance explained. Numbers along the right axis of the factor X graph represent LAB and WB PT values at 0.2 (24 s) and
0.3 U/ml (20.5 s). Numbers along the right axis of the factor V graph represent LAB and WB aPTT values at 0.2 (20.5 s) and 0.3
U/ml (18 8). Linear regression slopes and correlations (r*) of PT to factors V and X were statistically the same (P> 0.05) between
WB and LAB assays.
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Fig. 5. Factor V and factor X levels (normal range 0.5-1.5 U/ml) versus laboratory (LAB) and whole blood (WB) activate partial
thromboplastin time (aPTT). WB aPTT measurements are converted mathematically to plasma equivalent values derived from
the Biotrack 512. r* = % variance explained. Numbers along the right axis of the factor V graph represent LAB values at 0.2 (55)
and 0.3 (43) U/ml; numbers along the right axis of the factor V graph represent WB values at 0.2 (65) and 0.3 (55) U/ml.
Numbers along the right axis of the factor X graph represent LAB aPIT values at 0.2 (64) and 0.3 (50) U/ml; numbers along the
right axis of the factor X graph represent WB values at 0.2 (80) and 0.3 (64) U/ml. An increased sensitivity of WB aPTT (top
line) to both factor V (P = 0.003) and factor X (P = 0.03) is illustrated by greater linear regression slopes when compared to
LAB aPTT (bottom line). When compared to LAB aPTT, WB aPTT correlated better with factor V, as indicated by a greater r?
value (P = 0.01); both aPTT assays correlated similarly to factor X.

Anesthesiology, V 80, No 2, Feb 1994

20z Iudy 60 uO 3sanB Aq 3pd'¥1000-00020¥66-Z¥S0000/S76+79/3E€/2/08/4Pd-BlonIe/ABOI0ISaUISOUE/WOD IIRYOIBAIIS ZBSE//:dRY WOl P3pEOjuMOQ



344

DESPOTIS ET AL.

methods (factor V slopes —0.46 vs. —0.38, respec-
tively, P = 0.003; factor X slopes —0.54 vs. —0.46,
respectively, P = 0.034). Lincar regression analysis in-
volving single coagulation factors (fig. 5) revealed that
WB aPTT correlates better to factor V than does LAB
aPI'T, as illustrated by a statistically greater r? value (P
= 0.01). Both aPTT assays had a similar correlation to
factor X levels.

A multivariate linear regression model was used to
determine the impact of variable levels of multiple co-
agulation factors on PT and aPTT assays. Factors V, VII,
and X correlated with results from both PT assays (WB
r=0.9; LAB r = 0.9), whereas factors V, VIII, and XII
correlated with results from both aPTT assays (WB 0.88;
LAB 0.82). Three factor composite values were derived
from the multivariate regression between PT and aPTT
assays and respective coagulation factors (PT factors V,
VIL, X; aPTT factors V, VIII, X1I). These composite fac-
tor values (x) were used to generate graphs to compare
the PT and aPTT response between methods (fig. 6).
The superimposed regression lines in the PT graph il-
lustrate the similarity in response to factors V, VII, and

X depletion between methods (WB PT = —0.47x +
4.78, LAB PT = —0.44x + 4.67). In contrast, the
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Fig. 6. Factors V, VIL, and X versus laboratory (LAB) and whole blood (WB) prothrombin time (PT); factors V, VII, and XII versus
LAB and WB activated partial thromboplastin time (aPTT). The relationship of WB and LAB PT to factors V, VII, and X is
illustrated in the graph to the left. The relationship of WB and LAB aPTT to factors V, VHI, and XII is illustrated in the graph to
the right. These factor composites were generated from the factors that were significant (P < 0.05) with multivariate linear
regression (see text). WB PT and aPTT measurements are converted mathematically to plasma equivalent values derived from
the Biotrack 512. r* = % variance explained. Numbers along the right axis in the PT graph represent LAB and WB PT values at
0.2 (24.5 s) and 0.3 (20.5 s) U/ml. Numbers along the right axis in the aPTT graph represent LAB aPTT values at 0.2 (73 s) and
0.3 (55 s) U/ml versus WB aPTT values at 0.2 (95 s) and 0.3 (73 s) U/ml. An increased sensitivity of WB aPTT (top line) to factors
V, VIII, and XII is illustrated by a greater linear regression slope (P = 0.001) when compared to LAB aPTT (bottom line). When
compared to LAB aPTT, WB aPTT correlated better with factors V, VIII, and XII, as indicated by a greater r? value (P = 0.002).

regression lines in the aPTT graph illustrate the differ-
ence in aPTT response to reductions in factors V, VII,
and XII between methods (WB aPTT = —0.68x + 6.60,
LAB aPTT = —0.57x + 5.94). This disparity is statisti-
cally significant, as confirmed by a greater WB aPTT
response to factors V, VIII, and XI1 (WB —0.68, LAB
=0.57, P = 0.004). When compared to LAB aPTT, WB
aPTT correlates better to factors V, VI, and XII, as
illustrated by statistically greater t* values in figure 6
(P =0.002).

Diagnostic Performance of PT:aPTT Assdays lo
Factor Deficiency. To assess diagnostic performance,
predictive indexes (e.g., sensitivity, specificity) for
the PT and aPTT assays were determined using two
criteria for factor deficiency (factor level set-points):
(1) at least one coagulation factor less than 0.30 U/
ml, and (2) onc coagulation factor less than 0.40 U/
ml. Table 1 summarizes the predictive indexes for
positive PT and aPTT results for cach method at cach
factor level set-point (n = 126). Inspection of table
1 verifies that the highest levels of accuracy (aster-
isks) arc at the same factor level scet-point for both
PT assays. Table 1 also confirms that the WB aPTT
assay predicts factor deficiency in a similar fashion.
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In contrast, both PT assays correlated similarly to factors V, VII, and X.
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Table 1. Diagnostic Performance of Activated Partial Thromboblastin Time (aPTT) and Prothrombin Time (4]

to Factor Deficiency

Method

Assay Sensitivity Specificity Predictive Value (-+) Predictive Value (-) Accuracy
1 factor <0.3 U/m! PT wB 98 74 68 98 83
Lab 98 68 64 98 79
1 factor <0.4 U/ml PT wB* 93 85 85 93 89
Lab* 95 79 80 95 87
1 factor <0.3 U/m! aPTT WB 85 78 68 90 80
L.ab* 83 89 81 90 87
1 factor <0.4 U/ml aPTT wB* 81 89 88 83 85
Lab 73 97 96 79 85

Method refers to either whole blood (WB: Biotrack 512) or laboratory (Lab) assays. Specimens from both pre- and post-CPB intervals were used to evaluate depletion
of coagulation factors that affect the aPTT assay (V, VIIi, IX, X) and the PT assay (V, VI, X). Factor depletion was defined at two factor level setpoints: detection
of at least one coaguilation factor <0.3 and <0.4 U/ml. Predictive indices (e.g., sensitivity, specificity) were calculated using Bayes' theorem at each factor level
setpoint when a result was considered positive (see text). PT or aPTT results are considered positive when results are equal or greater than the upper limit {mean
-+ 2 8D) of the normal range (from a normal reference population): WB PT =15 s, Lab PT =16 s, WB aPTT =45 s, Lab =35 s.

* Optimal diagnostic performance as determined by the greatest accuracy value for each respective assay.

But unlike the PT assay, the highest level of accuracy
for the WB aPTT is at a higher coagulation factor level
set-point (0.4 U/ml).

Diagnostic Performance of PT:aPTT Assays to Factor

Deficiency in the Post-CPB Interval. Using post-CPB
results, predictive indexes (e.g., sensitivity, specificity)
were calculated over a series of control values (PT or
aPTT >1.5 C, 1.8 C, and s0 on). As previously addressed,
control values are defined as the mean value from a nor-
mal reference population. Table 2 lists the predictive

indexes for both WB and LAB methods when the diag-
nostic criterion is set at one coagulation factor less than
0.30 U/ml (n = 71). Table 3 lists the predictive indexcs
for both methods when the diagnostic criteria is set at
once coagulation factor less than 0.20 U/ml (n = 71).
Within these tables, the asterisk identifies the ratio value
at which the positive predictive value approximates
90%. Predictive indexes for the PT assay are similar at
the same control value for both WB and LAB methods.
Similar predictive indexes for the aPTT assay are

Table 2. Predictive Indices for a Coagulation Factor Level <0.3 U/ml (Normal Range 0.5-1.5 U/ml) in the
Post-Cardiopulmonary Bypass Interval over a Series of Control Values (e.g., 1.5C, 1.8C)

Method Result (s) Sensitivity Specificity Predictive Value (+) Predictive Value (-)
PT >1.3C wB 16.6 89 64 66 85
Lab 16.9 85 60 65 82
PT >1.5C wB* 19.2 46 96 91 67
Lab* 19.5 48 100 ) 100 69
PT >1.8C wB 23 22 100 100 60
Lab 23.4 20 100 100 59
aPTT >1.3C wB 41.6 93 33 54 82
Lab 38 80 78 75 82
aPTT >1.5C wB 48 80 50 57 75
Lab* 43.5 60 97 93 73
aPTT >1.8C wB* 57.6 69 93 89 78
Lab 52 38 100 100 66
aPTT >2.1C wB 67.2 47 96 91 68
Lab 60.9 27 100 100 62
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Control values (C) are defined as the mean result from a normal reference population for each respective assay. Prothrombin Time (PT) and Activated Partial
Thromboblastin Time (aPTT) values for each control value were determined by multiplying the control value by corresponding numeric values (WB PT: 1.5C = 1.5
X 12.8 s = 19.2 s) for both WB and laboratory assays. Method refers to either whole blood (WB: Biotrack 512) or laboratory (Lab) assays. Bayes’ Theorem was
used to calculate predictive indices for the PT assay using factors V, VI, and X or the aPTT assay using factors V, VIII, IX, and X (see text).

* Control values and predictive indices when positive predictive value approximates 90%.
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Table 3. Predictive Indices for a Coagulation Factor Level <0.2 U/ml (Normal Range 0.5-1.5 U/ml) in the
Post-Cardiopulmonary Bypass Interval Over a Series of Control Values (e.g, 1.5C, 1.8C)

Method Result (s) Sensitivity Specificity Predictive Value (-+) Predictive Value (-)
PT >1.3C WB 16.6 88 49 34 93
Lab 16.9 88 49 36 92
PT >1.5C wB 19.2 50 84 48 84
Lab 19.5 54 87 57 86
PT >1.8C wB* 23 33 97 80 82
Lab* 23.4 25 97 75 80
PT >2.1C WB 26.9 21 100 100 80
Lab 27.3 21 100 100 80
aPTT >1.3C WB 41.6 96 26 28 91
Lab 38 91 65 44 96
aPTT >1.5C wB 48 87 43 31 92
Lab 43.5 70 83 55 89
aPTT >1.8C WB 57.6 78 78 51 92
Lab 52.2 48 93 69 86
aPTT >2.5C wB 80 35 93 62 83
Lab* 72.5 26 97 75 81
aPTT >3.0C wB* 96 26 97 75 81
Lab 87 26 100 100 82

Control values (C) are defined as the mean result from a normal reference population for each respective assay. PT and aPTT values for each control value were
determined by muitiplying the control value by corresponding numeric values (WB PT: 1.5C = 1.5 X 12.8 s = 19.2 s) for both WB and laboratory assays. Method
refers 1o either whole blood (WB: Biotrack 512) or laboratory (Lab) assays. Bayes’ theorem was used to calculate predictive indices for the PT assay using factors

V, VII, and X or the aPTT assay using factors V, VIII, X, and X (see text).

* Control values and predictive indices when positive predictive value approximates 90%.

achieved for each method, but because of the scale dif-
ferences of the two measurement systems, comparable
predictive indexes are achicved at different control val-
ues. If diagnostic performance is defined as comparable
predictive indexes, then the WBaPTT assay predicts fac-
tor deficiency similarly but at a different control value.

Discussion

The etiology of coagulation disorders after CPB may
include one or more of the following: (1) qualitative™”
or quantitative platelet abnormalities,'* (2) isolated
or combined coagulation factor dcplction,“"’ and less
commonly, (3) excess heparin, (4) disseminated in-
travascular coagulation (DIC),”**" or (5) isolated pri-
mary fibrinolysis.*'~** The ACT, which remains the ac-
cepted standard for the determination of adequate an-
ticoagulation during CPB, has a limited role in
determining the etiology of microvascular bleeding
following CPB. Unfortunatcly, the ACT is both
nonspecific** and insensitive to various coagulation
abnormalities* " including an effect due to circulating
heparin.®' Other tests of coagulation include the Son-
oclot and the thrombocelastogram (TEG). TEG has been
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shown to identify a subsct of patients with qualitative
platelet abnormalities that respond to desmopressin
treatment.™? In one report, thromboclastography has
been shown to predict the risk of postoperative bleed-
ing,"* whereas other reports have failed to confirm its
diagnostic ability to predict either intraoperative™ or
postoperative bleeding.*® The clinical use of TEG and
Sonoclot is limited by the following: Correlation of
TEG and Sonoclot viscoelastic measurecments to quan-
titative abnormalities in both PLT and factor levels have
not been adequately defined, and a prolonged mea-
surement response time is associated with this instru-
ment. ¢ In addition, a prospective, randomized trial to
assess the cfficacy of hemostatic blood product admin-
istration as directed by the either the TEG or Sonoclot
is not currently found in the literature. A complete
coagulation profile including PT, aPTT, PLT, fibrinogen
level, fibrin split product level, and bleeding time can
facilitate acquisition of the correct etiology of micro-
vascular bleeding. Unfortunately, results of these co-
agulation tests often come too slowly, which limits
their diagnostic utility. Rapid determination of the
ctiology of post-CPB microvascular bleeding, therefore,
can be difficult to ascertain.
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Usc of WB PT, aPTT, and PLT in the operating room
has been shown to reduce blood product use, operative
time, and mediastinal chest tube drainage.® This pre-
vious study did not directly address the diagnostic per-
formance of these WB coagulation assays or compare
them to corresponding assays from our institutional
laboratory. In the present study, we compared mea-
surcments obtained from these on-site coagulation as-
says to corresponding assays from our institutional lab-
oratory. In addition, we assessed the correlation and
diagnostic performance of PT and aPTT assays from both
systems to factor levels. As a first step in the transfusion
algorithm, PLT measurcments played a fundamental
role in the previously addressed efficacy of on-site co-
agulation monitoring.® In this previous trial, quanti-
tative platelet assessment was performed with an es-
tablished method of assessing PLTs wvia the Coulter
T540 hemocytometer (T540). In our current analysis,
lincar regression and bias analysis data demonstrate that
T540 hemocyrtometer performed similarly to the au-
tomated unit from our laboratory. The mean difference
is much less in the less-than-150,000 range (+580)
than in greater-than-150,000 range (+10,340). The
T540 hemocytometer assesses quantitative platelet
disorders similarly to the laboratory assay in the critical
range at which physicians would make decisions to
transfuse platelet concentrates.

It has been recommended that PT and aPTT assays be
used to evaluate the need for transfusion of fresh frozen
plasma.”*7* This approach has been limited by delays
in obtaining PT and aPTT results from institutional lab-
oratories.® A new technology can now provide WB PT
and aPTT results in a timely fashion at the bedside. In
a previous trial, results from the WB PT component of
this on-site system have been shown to be useful when
assessed in reference to patient self-management of oral
anticoagulation.” The PT cvaluates the extrinsic and
common pathways of the coagulation system; signifi-
cant prolongation occurs when there is a deficiency of
factors VII, V, X, prothrombin, or fibrinogen or when
there is a circulating inhibitor. Data analysis with both
linear regression (r = 0.93) and bias analysis (mean
difference —0.1 s) revealed a good correlation for the
WB PT with our laboratory method. Analysis of be-
tween-machine reproducibility demonstrated that the
WB PT assay performed well, as indicated by a low
coctticient of repeatability (1.44 s). This is consistent
with results obtained from a five-center study that re-
vealed a good correlation between the WB PT and lab-
oratory reference methods (r = 0.96); within-day pre-
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cision analysis revealed a good cocfficient of variation
(4.9%) for the WB PT."" Although, the WB PT mea-
surements were comparable with results from our lab-
oratory, it is known that significant measurement vari-
ability can occur as a result of the variation in perfor-
mance between different thromboplastin reagents. '

The aPTT evaluates the intrinsic and common path-
ways; inhibitors that affect function or deficiency of
factors XII, XI, IX, VI, X, V, prothrombin, and fibrin-
ogen prolong the aPTT. Data analysis revealed a dis-
parity in measurements obtained from the WB assay as
comparced with those obtained from the laboratory
aPTT. This is not unexpected given the nonstandardized
nature of the aPTT assay. Several variables can influence
aPTT measured by two different systems: the nature
and concentration of both the activator and phospho-
lipid in the reagent, the buffering of the reagent, ionic
strength and concentration of the calcium chloride,
PH and temperature of the system, the type of instru-
ment, and the variable sensitivity of different commer-
cially available aPTT reagents.'™!'" The bias analysis in
figure 3 illustrates the variability in aPTT results ob-
tained between both systems. Bias analysis characterizes
this variability as a mean difference of +10 s, indicating
that the WB assay returns a consistently greater aPTT
value than the aPTT from our laboratory. A similar mean
difference (-7 s) was reported in another recent bias
zlnzllysis.s“ In addition, an extensive comparison of aPTT
measurements between the WB assay and standard ref-
crence methods was performed in a recent four-center
investigation.®' This study revealed that the correlation
cocfticients (r) for the WB aPTT and the standard lab-
oratory aPTT ranged from 0.79 to 0.83, depending on
the reference reagent and instrumentation used. These
correlation coefficients were similar to those obrained
for standard LAB aPTTs using different reagents (0.79).
While assessed in only two Biotrack instruments, be-
tween-machine repeatability of the WB aPT'T assay was
validated in the present study by a low coefficient of
repeatability (2.94 s) obtained from simultaneous
measurements of WB aPTT from two separate machines,
A high degree of precision was demonstrated in the
multicenter trial for the WB aPTT assay.?' This precision
was reflected in low between-day (5.2-8.1%) and
within-day (4.9-7.1%) coefticients of variation.

The discrepancy in aPTT measurements between as-
says can be cxplained by examining two important
characteristics of these systems: normal range and assay
response to factor levels. Atthough mean aPTT values
between systems approximate each other in our normal
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reference population, the range (+2 SD) of aPTT values
is much wider with the WB system. Because of this
wider normal range, one might expect abnormal WB
aPTT values to be correspondingly farther from the
mean result. The PT assays, in contrast, have similar
normal distribution curves. The relationship of each
aPTT assay to factor reductions with univariate/mul-
tivariate regression analyses and predictive perfor-
mance as assessed with Bayes’ theorem uncovers the
reason for a variation in aPTT measurements. In con-
trast, these statistical methods reveal that the PT assays
respond in a similar fashion to reductions in factor
levels.

Figures 4, 5, and 6 illustrate the incomplete rela-
tionship of PT and aPTT measurements to factor levels.
In reference to the aPTT assay, this relationship, in part,
may be due to our incomplete analysis, which did not
include all of the coagulation factors that might affect
this assay. In addition, this variability may be a function
of the impact of moderate reductions of multiple factors
on these assays. Within-method variability of PT and
aPTT measurements that is unrelated to factor levels
has been described.'? PT response to reductions of sin-
gle and multiple factors is similar between systems
(figs. 4 and 6). As assessed by regression slopes, WB
aPTT response to both isolated (fig. 5) and multiple
factors (fig. 6) is statistically greater than LAB aPTT.
Although WB aPTT is more sensitive to factor depletion,
it correlates better with factor V (fig. 5) and factors V,
VIII, and XII (fig. 6).

Bayes’ theorem was used to derive the predictive in-
dexes for the diagnosis of factor deficiency. These pre-
dictive indexes facilitated the assessment of diagnostic
performance of both PT and aPTT assays between sys-
tems. Although predictive indexes were constructed

using ail factors that might affect the respective assays,
they were predominately determined by factor V. Fac-
tors V and X constituted the factors most commonly
reduced below 0.3 U/ml in patients with one factor
less than 0.3 U/ml (FV 86%, FX 14%). Similarly, factor
V was consistently the factor reduced below 0.2 U/ml
in patients with onc factor less than 0.2 U/ml (FV
100%). This is in agreement with previous investiga-
tions that have indicated that factor V is the most com-
monly reduced factor after CPB and also is reduced to
the greatest degree.>>*% Since our patient population
is similar to others from a factor deficiency perspective,
use of Bayesian analysis should be appropriate.

A positive PT or aPTT result is defined generally as a
measurement that is greater than the normal range. As-
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suming the absence of circulating inhibitors, this oc-
curs when a factor is less than a certain level (PT factor
I1, V, VII, or X <0.3-0.4 U/ml; aPTT factor V, VIII, IX,
X, X1, or XII <0.3-0.4 U/ml). Our data indicate that
optimal diagnostic performance of the PT assay, as as-
sessed by predictive indexes (e.g., sensitivity, specific-
ity), occurs at the 0.4 U/ml set-point for both methods
(table 1). An increased sensitivity of the WB aPTT to
reduced factor levels is confirmed by the optimal di-
agnostic performance of the WB aPTT at a different and
higher factor level set-point (WB 0.4 U/ml; LAB 0.3
U/ml). Table 1 illustrates that PT and aPTT assays for
both systems perform similarly in reference to diagnosis
of factor deficiency states and that differences in aPTT
measurements arc probably a function of reagent-spe-
cific sensitivity. This variability in sensitivity to factor
depletion is a well recognized function among nu-
merous reagents. Factor levels required to prolong the
aPTT vary from 25% to 40% of normal because of re-
agent-specific sensitivity.'”"!

Predictive indexes (e.g., sensitivity, specificity) were

generated from results obtained in the period after CPB
to assess the diagnostic performance of these assays to
coagulation factor deficiency during the interval when
treatment would be initiated. The diagnosis of a factor
less than 0.2 and 0.3 U/ml was used as the basis for
diagnostic performance because this level of either
factor V or factor X is required for normal hemostasis.?’
Predictive indexes are tabulated over a series of PT:
aPTT control values (e.g., 1.5 C, 1.8 C) to evaluate the
diagnostic performance of PT and aPTT assays to factor
deficiency in the post-CPB setting (tables 2 and 3).
Optimal positive predictive values are associated with
lower sensitivities (tables 2 and 3). As previously men-
tioned, this partly is due to our study design, which
involved incomplete but selective determination of
factor levels. Predetermination of which coagulation
factors were to be assayed was based on their potential
importance with microvascular bleeding in this setting.
Ultimately, these tables allow the clinician to determine
the diagnostic accuracy of a particular result. Although
sensitivity values are not optimal at greater control val-
ues, positive predictive values establish the probability
of a factor deficiency state and, when not optimal, can
help a clinician divert an unwarranted transfusion of
plasma.

Deficiencies in the current on-site coagulation system
include the inability to assess qualitative platelet dis-
orders and excessive fibrinolysis and hypofibrinogen-
emia. In our cardiac surgical sewing, primary fibrino-
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lysis is an uncommon causc of microvascular bleeding
after heparin neutralization.® Although qualitative as-
sessment of circulating platelets would be bencficial,
it can be assumed that every patient after CPB has a
significant degree of qualitative dysfunction. Thercfore,
in patients with relatively normal PT:aPTT results, first-
line therapy should be directed toward platelets be-
cause of the fundamental role qualitative and quanti-
rative plateler dysfunction plays in hemostasis abnor-
malities in this setting.”™® Severe hypofibrinogencemia,
although uncommon, can occur, and this coagulation
abnormality can be assessed by prolongation of the PT
measurement. In addition, the transfusion of plasma as
a trecatment of factor deficiency also would partially
replenish circulating fibrinogen until a fibrinogen level
is reported by the laboratory.

Current concerns regarding on-site patient testing in-
clude cost-containment and federal licensure under the
recent Clinical Laboratory Improvement Amendments
legislation. Our approach to the regulatory require-
ments consisted of early involvement and collaboration
with laboratory personnetl in both the establishment
and maintenance (e.g., quality control, WB hemostasis
patient records, billing) of these coagulation assays be-
cause of their “‘complex assay’” designation within
these regulations. Although nonquantifiable, on-site
coagulation monitoring can reduce transfusion-related
risk (e.g., human immunodeficiency virus, hepatitis)
by reducing total donor exposures.> In addition, a fi-
nancial analysis of on-site coagulation monitoring is
warranted because of its importance as a current issue.

In our institution, the system would be used on 178
patients (annual incidence of microvascular bleeding
of 23%). The annual maintenance cost for the on-site
laboratory would be $9,250 (the cost of two WB PT:
aPTT cartridges per patient, T540 reagents, and a he-
macytometer with a maintenance agreement). Hospital
revenues generated by patient charges for the tests
would equal $11,730 (based on a Medicare/third-party
insurance ratio of 60:40%). Therefore, the system
would generate annual revenues that would support
itself because net hospital revenues would equal

$2,480 (test revenues — maintenance costs).

Use of these on-site assays has been shown to reduce
operative time and blood product use.” Net savings to
patients can be determined by subtracting the cost of
the assays from monctary savings sccondary to clinical
benefits of on-site coagulation monitoring. Opcrative
time charges can be computed by adding the following
hourly charges: institutional operating room charges,
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anesthesiology professional fees, and perfusion service
fees. Accordingly, savings to patients based on a yearly
institutional reduction in operative time can be cal-
culated (39 min/patient X 178 patients X hourly
charges). Revenues secondary to reduction in blood
products can be calculated by adding patient charges
for intraoperative plasma (178 patients X 2 U/paticent
X unit charge), postoperative erythrocyte (178 patients
X 2.2 U/patient X unit charge), and postoperative
platelet units (178 patients X 4.8 U/patient X unit
charge). Therefore, yearly institutional net savings to
patients can be derived by subtracting the charges re-
lated to assays from total charges secondary to reduced
operative time and blood product use. This would be
equivalent to $1,504 per patient or a ycarly institu-
tional savings to patients of $267,658.

In summary, this study illustrated that on-site PT and
PLT measurements correlate well with those from our
laboratory. A disparity between WB and laboratory aPTT
measurements is probably a function of different normal
distribution curves and an increased sensitivity of the
WHB assay to factor deficiency. Factor concentration-re-
sponse of the PT to factor levels was similar between
assays. Although the aPTT response to factor levels was
significantly different between systems, predictive ac-
curacy for factor reductions was similar for both PT
and aPTT assays between systems. WB PT, aPTT, and
PLT assays cnable physicians to assess accurately the
role quantitative platelet and factor deficiencies play
as ctiologies of microvascular bleeding. These on-site
assays provide accurate coagulation results that can
circumvent limitations of laboratory-based testing.
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