Ultrio and 20 copies/mL for AmpliScreen). Ultrio detected
all six HBV genotypes {A-G) at 100 copies per mL or lower.
Of the 2912 blood denation pools tested by Ultrio, no yield
samples for a.hy agent were identified. There were five
false-positive pools (0.17%} and 11 donations that had
concordant reactive serology and NAT results. The unre-
solved pool reactive rate was comparable to the Ampli-
Screen test at 0.16 percent. There were no invalid assays
(in contrast to the AmpliScreen assay reporting an invalid
assay rate of 3.92%"%); with the automated pipetting sys-
tem, the invalid sample rate was 0.19 percent (this vari-
able was not reported for AmpliScreen). A window-period
reduction of 14 days {range, 11-18 days} was observed
when seroconversion panels were tested by 10 NAT; the
window-period reduction decreased to 6 days (range, 3-
8 days) in pools of 8 and 3 days (range, 0-5 days) in pools
of 16. No window-period reduction was observed in a pool
of 24 with PRISM being more sensitive in about half of the
panels tested. Finally, comment should be made regarding
the comparability of Ultrio HIV-1 and HCV sensitivity to
the Procleix HIV-1/HCV combined assay (Gen-Probe/Chi-
ron). The 95 percent detection limits for HIV-1 in the study
by Koppleman and coworkers were 65 copies per mL
(range, 41-119 copies/mL) for Ultrio versus 31 copies per
mL (range, 20-52 copies/mL) for the HIV-1/HCV com-
bined assay in a previous study. For HCV, the 95 percent
detection limits for Ultrio were 86 copies per mL (range,
50-204 copies/mLl) and 85copies per mL (range, 64-
118 copies/mL) for the HIV-1/HCV combined assay, again
in the current versus earlier study. Although the HIV-1
point estimates were qualitatively different, this difference
was not significant because the 95 percent confidence
intervals overlapped. In the United States, however, fur-
ther evaluation is necessary to confirm this finding and
determine its clinical relevance prior to licensure. Kopple-
man and coworkers concluded that a two- to five-fold
decrease in the residual risk can be expected by the use of
HBV MP NAT if the test includes a prior virus enrichment
step, if smaller pool sizes are used (fewer than eight dona-
tions), or if ID NAT is used.”

The sensitivity of MP NAT for [IBV remains only a few
days better, dependent on pool size, than newer assays
for HBsAg. Because window-period differences of 1 day
translate to 1.4 additional HBV infections detected per
10 million donations screened," the greatest benefit from
HBV NAT would occur in the ID NAT format. IID NAT can
detect HBV infection 25 to 36 days earlier than the cur-
rently licensed HBsAg assays and is more sensitive than
HBsAg." The FDA had planned to increase the sensitivity
of licensed HBsAg assays by requiring these assays to be
able to detect a lower concentration of HBsAg on the
CBER HBsAg Lot Release Panel. Although a draft guidance
document was released in April 2002, it was withdrawn.
The FDA discussed the possibility of a technology neutral
approach in which a sensitivity level for detection of HBV
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infection could be set; the standard then could be met by
either MP NAT or a highly sensitive HBsAg assay or other
equivalent technology.! .

The impact of MP NAT for HBV is expected to be
marginal largely owing to the existence of sensitive tests
for HBsAg and the availability of even more sensitive
HBsAg tests expected in the near future. In addition, in the
United States, the need for HBV NAT is reduced further by
the existence of anti-HBc screening. The yield from clini-
cal studies has been either marginal or nonexistent and
HBV MP NAT has been shown to have very poor cost-
effectiveness relative to other blood safety measures; this
is coupled with the fact that there has been an absence of
reported cases of transfusion-transativted HBV. Therefore,
a true benefit has yet to be established for this test, at least
in the MP format. The desire to implement will be nega-
tively impacted further, especially for tests in the triplex
format, if there is deterioration in any test characteristic
including HIV-1 or HCV sensitivity, or test specificity. It is
also very important that the implementation of HBYV MP
NAT be voluntary, that is, that the availability of technol-
ogy should not mandate its use. Finally for those who
implement HBV MP NAT, careful analysis of yield cases
compiled into a national reporting system to include asso-
ciated donor demographic and laboratory test character-
istics would be extremnely useful in planning for the future.

Although the yield of MP NAT for HBV is expected to
be low in the United States, the yield may be greater in
donor populations in developing countries where HBV is
highly endemic. In many of these countries, anti-HBc test-
ing is not performed, because the donor loss is considered
to be too great. Countries that have implemented HBV
NAT including Japan and Germany have reported HBV
NAT yields of 1 in 145,000 to 1 in 1.5 million, respec-
tively.”® Whether MP NAT for HBV would be a cost-effec-
tive strategy for donor screening in other countries can
only be determined by future studies.

Susan L. Stramer, PhD

Executive Scientific Officer
American Red Cross
Gaithersburg, MD 20877

e-mail: stramers@usa.redcross.org
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TRANSFUSION COMPLICATIONS

Dynamics of viremia in early hepatitis C virus infection

Simone A. Glynn, David J. Wright, Steven H. Kleinman, Dale Hirschkorn, Yongling Tu,
Charles Heldebrant, Richard Smith, Cristina Giachetti, James Gallarda, and Michael P Busch

BACKGROUND: |t is imporiant to characterize viral
dynamics in early hepatitis C virus (HCV) infection to
further our understanding of viral pathogenesis and the
potential for secondary transmission in acute infection
through blood transfusion or other routes.

STUDY DESIGN AND METHODS: Serial units given
by 77 source plasma donors who had evolved from
HCV RNA~-negative to HCV RNA-postiive by nucleic acid
amplification technology (NAT) screening with 512-unit
pool-NAT or were followed from RNA detection to
antibody conversion were tested by individual NAT and
quantitative BNA assays.

RESULTS: During the ramp-up phase when exponential
growth oceurs, HCV viral load doubled every 10.8 hours
{95% confidence interval [Cl], $.9-12.0). Intermittent
viremia was ohserved before the ramp-up phase in 37 of
50 panels with the earliest detectable viremic bleed

The piateau phase or high-titer viremic period that occurs
between ramp-up and sercconversion was estimated o
last 56.3 days (95% Cl, 44.8-67.8).

CONCLUSIONS: Intermittent low-level HCV vireria can
occur as much as 2 months befora the periods of
exponential increase in viral load and the high-titer
plateau-phase viremia that usually precede
saroconversion. Apimal inoculation studies are in
progress to evaluate if transfusion of low-level viremic
plastma can transmit HCV Infection.

occurring 63 days before the estimated onset of ramp-up.

tudying the dynainics of early hepatitis C virus
(HCV) infection is crucial to our understanding
of HCV transmission, pathogenesis, and deter-
minants of viral clearance or persistence. Studies
of transfusion hepatitis cases,'? health-care workers with
accidental needlestick exposure® and experimentally
inoculated chimpanzees*® have shown that high-level
viremia usually occurs within 1 to 2 weeks of transfusion
or inoculatdon. This high-titer viremic period, often
referred to as the plateau phase, appears to persist for 40
to GO days before alanine aminotransferase (ALT) levels
become elevated (40-50 days) and/or antibody serocon-
version occurs (50-60 days)."® It is, however, unclear if
these findings are generalizable to those transmission
events that may not involve such high-viral-load
parenteral exposures.
Further, HCV-seroconverting plasma donor panels
have demonstrated that a period of exponential growth in
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viral load, termed the ramp-up phase, precedes the high-
titer virernic plateau phase.™” Serum HCV RNA appears to
increase extremely rapidly in this ramp-up phase, with
estimated mean viral doubling times ranging from 10.8°
to 17 hours.'® The variation in doubling time estimates
across studies may stem from not having applied consis-
tent criteria to delineate when ramp-up starts and ends.
The peried preceding the ramp-up phase, that is, the pre-
ramp-up petiod, has also not been well characterized.
Niibling and colleagues” recently reported that, similar to
human immunodeficiency vitus (HIV)® and hepatits B
virus,? very-low-titer viremia may intermittently occur in
this eatly phase. The frequency and temporzl distribution
of such intermittent viremic episodes, however, have not
been well defined, and it is possible that these occurrences
1epresent an early ramp-up rather than a distinct pre-
ramp-up phenomenon. Finally, the presence of low-level
viremia in the pre-ramp-up phase, if confirmed, could
have potential implications on the risks of secondary
transimission through blood transfusions because current
risk estimates assume that the pre-ramp-up phase is of
short duration and nonviremic (thus not infectious);™ if
pre-ramp-up viremia occurs frequently after cornmunity
exposures and is infectious via the blood transfusion
route, these risk estimates will need to be modified.
To enhance our understanding of HCV viral dynamics
-in pre-ramp-up, ramp-up, and plateau phases, we applied
bighly sensitive gualitatve and quantitative HCV RNA
amplification assays to serial samples from source plasma
donors who had evolved from being RNA-negative to
RINA-positive and in some instances fromn being RNA-pos-
idve to antibody-positive. This report thus provides a
comprehensive and detailed evaluation of the viremic
events associated with primary BCV infection through
seroconversion,

MATERIALS AND METHODS

HCV-pusitive plasma donor panels

To study viral dynamics of early HCV infecticn, we ana-
lyzed data from two sets of anonymized HCV panels
whose construction is detailed in the Appendix. The first
set included 55 panels with each panel consisting of serial
nnits given in 1997 to 1999 by source plasma donors who
had evolved from being HCV RNA-negative to RNA-posi-
tive by the HCV-reverse anscriptase {RT)-polymerase
chain reaction (PCR) assay (UltraQual, National Genetics
Institute, Los Angeles, CA), conducted on pools of 512
samnples. These 55 panels were selected from a group of 77
potiential panels because they included samples collected
before the first RE-PCR—positive unit and were therefore
informative to an analysis of early replication dynamics.
The 55 plasma donors gave a total of 629 units (median,
11 units/panel; range, 4 and 21 units/panel, respectively)
with a mean of 4.9 days between collections. Each sample
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had alse been tested for ALT. Data on risk factors, geno-
types, subtypes, or postseroconversion information were
not available.

We further characterized these panels by quantifying
viral loads (copies/mL) with a PCR assay (COBAS Ampli-
cor HCV Monitor, Version 2.0, Roche Molecular Systems,
Pleasanton, CA) with guantification limit of 600 IU per
mL. Samples with high viral load (>1 x10° copies/mL) on
initial neat testing were diluted 1:100 and retested by
COBAS Amplicor HCV Monitor, Version 2.0, PCR to get
accurate viral Joad measurements during the early platean
phase. For all bleeds in which RNA was below quantifica-
tion, testing in four replicates by individual donation
nucleic dcid amplification testing (NAT) was conducted at
Gen-Probe Inc. (San Diego, CA) with a diseriminatory(d)-
HCV assay (Procleix, Gen-Probe, Inc.) based on ranscrip-
tion-mediated amplificaton (TMA)" (this assay was
conducted in singlicate for three bleeds with insufficient
volume). In our analysis, we considered all information on
units collected as early as 71 days before and as late as
43 days after RNA was first quantified. As conirols we
included 55 samples derived from serial plasma units
from five donors not infected with HCV {these donors
were infected with HIV); these units had been processed
and aliquoted in the same laboratory during the same
period with the same procedures as were used for the
HCV-infected donor panels. These 55 control samples
were sent to Gen-Probe under code interspersed with the
specimens from the HCV-infected donors; HCV d-TMA
was negative on all control samples, indicating lack of
contamination during unit aliquoting and the specificity
of the HCV d-TMA assay. _

To characterize the mean duration of the preserocon-
version viremic plategu phase, we included in our analysis
the serial data obtained on the 55 panels described above
and on a second set of panels representing 22 plasma
donors. These 22 donors were followed at regular intervals
after detection of their HCV infection by quantitative RT-
PCR with 17 donors baving serial bleed data through a
third-generation HCV enzyme immunoassay {EIA) anti-
body seroconversion. ALT levels were also available on
most bleeds. These data coliected in 1997 allowed us to
more thoroughly evaluate the plateau phase because
information obtained for the plateau phase on the 55 pan-
els was incomplete (only 1 of the 55 panels perchance had
data uniil seroconversion occurred). The study protocol
was approved by the UCSF Committee on Human
Research.

Viral dynamics in the ramp-up phase

To estimate how rapidly, on average, viral load increased
in the ramp-up phase, we first needed to select, for each
panel, the bleeds collected when viral load was increasing
exponentally. Although viral load can increase in pre-
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ramp-up and in the plateau phase, the rate of increase
should by definition be smaller than that observed in the
rarmp-up phase. Assuining that the first RNA quantifiable
bleed (“Timne 0" bleed} probably occurred in ramp-up and
that viral load increased at a constant rate (i.e., in a linear
fashion) on a log scale during ramp-up, we calculated the
rate of increase in log viral load obseived 1) between the
bleed preceding the Time 0 bleed and the Time 0 bleed
and 2) between the Time 0 bleed and the following bleed,
and classified bleeds associated with higher rates of
increase in viral load as ramp-up bleeds. This selection
process is detailed in the Appendix, which also describes
the method used to impute viral loads for units that were
positive on one of four, two of four, three of four, or four
of four TMA replicates as 8.9, 13.2, 19.6, and 119.2 copies
per L, respectively. Information on log virat load and
cotleetion days for the selected ramp-up bleeds was then
entered in a repeated measures regression model where
each panel subject had their own intercept and slope
(PROC MIXED, SAS Institute Inc., Cary, NC).” The mean
vira! load doubling time during ramp-up was then calcu-
Jated as log(2)/mean slope.

Viral dynamics in the pre-ramp-up phase

To ensure that we were evaluating the viral dynamics of
the pre-ramp-up phase rather than an

early tamnp- up phenomenorn, we conser-

vatively determined a day when ramp-

Viral dynamics in the plateau phase

To estimate the mean duration of the preseroconversion
viremic plateau phase, defined here as the minipool NAT-
positive period occurring between ramp-up and serocon-
version (Fig. 1), we evaluated all plateau-phase data from
77 panels (see Appendix for selection of plateau phase
bleeds). The mean plateau phase duration was estimated
withy PROC LIFEREG (SAS Institute Inc.),"” assuming a nor-
mal distribution (although a normal distribution was the-
oretically not plausible, other plausible distributions all
yielded estimates very similar to the normal distribution
based estimate). The log viral loads during the plateau
phase were assessed with a repeated-measures regression
model to estimate the mean viral load during the plateau
phase.”

ALT and correlation with viral load in the plateau
phase

We evaluated the distribution of ALT levels in each phase
of prirnary HCV infection-and calculated the intra- and
intersubject correlations between ALT and RNA levels
nbserved in the plateau phase with a stratified Spearman
{PROC FREQ, SAS Institute Inc.)™ and a Spearman (PROC
CORR)* correlation, respectively. The latter analysis was

ALT Antibody
Elevation Seroconversion

up started. As shown in Fig. 1, the ramp-

. Log (viral load in - >
up start day was determined by backcal-  coplesmt 1.2 weeks [
culating, with each donor’s specific rate 9- Pre fampup 3 Rampup} P
ofincrease inlog viral load during ramp- §-|  Dumtion unknown i 9.00ayst 56.3 days i
up, the day on which viral load would ! s.2-100) (44.867.8)
have been 1 copy per 20 mL ot 0.05 cop- 7- . ;
ies per mL. This low viral concentration 6- : :
is consistent with the nuunbers of copies 5- :
per mL that would be present in a unit a- y\ Ohserved
of red blood cells (RBCs) that contains : gowmL
just one HCV viral copy. This approach 3
allowed us to be reasonably certain that 2-.. :
we had not included a ramp-up bleed 1 : h \
in our pre-ramp-up classification (see ™ Back-estimation :
Appendix). We then selected all units 0
given by plasma donors in the pre- -1 : 0.5 copyiml__£
ramp-up phase (l.e., before the conser- o :
vatively estimated ramp-up start day) 7 45 10 -5 6 é 1'0 1'5 20 25 323 e 515 (ISO

and categotrized these units as viremic
(one of four to four of four TMA-positive
results) or as nonviremic {zero of four
TMA-positive). We used a contnuous
time Markov chain with two states
{viremic and nonviremic) to estimate
the mean viremic and nonviremic
periods.®
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Nurnber of Days relfative to the time (time 0) when RNA was first quantifiable

Fig. 1. Pre-ramp-up, ramp-up, and plateau phases of JICV viremia. The pre-ramp-up
phase (period preceding the ramp-up phase) is of unknown duration whereas the
ramp-up phase (period of exponential growth in viral load) was estimated to Jast a
mean of 9.0 days (95% Cl, 8.2-10.0 days). The mean duration of the high-titer viremic
plateau phase (the minipool NAT-positive period occurring between ramp-up and
seroconversion} was estimated to be 56.3 days (95% Cl, 44.8-67.8).



restricted 1o the plateau phase because significant ALT
elevations were only observed in that phase.

RESULTS

Figure 2 presents serial RNA values for 55 plasma donors
who met the selection criteria for analysis of pre-ramp-up
and ramp-up viremia. Low-level interrnittent viremia was
detected in the “late” pre-ramp-up period followed by the
ramp-up period of exponential growth in viral load. As
schematized in Fig. 1, the ramp-up phase was then fol-
lowed by a high-titer viremic plateau phase preceding
HCV antibody seroconversion. During this plateau phase,
viral loads fluctuated between 4.1 x 10* and 7.2 x 107 cop-
ies per mL, with a mean level of 3.8 x 10" copies/mL. The
mean duration of the plateau phase was estimated to be
56.3 days (45% confidence interval [CI], 44.8-67.8) among
the 77 panels (the 55 panels shown in Fig. 2 and 22 panels
with additional plateau-phase information). The plateau
phase lasted between 30 and 65 days about 75 percent of
the time, with less than 10 percent of subjects having a
plateau phase exceeding 100 days.

" Figure 3 shows how log viral load for the selected
ramp-up bleeds linearly increased during the ramp-up
phase with viral load doubling every 10.8 hours (95% CI,
9.9-12.0). The ramp-up phase was conservatively esti-
mated to begin 6.1 days before the time when RNA was
first quantifiable (600 1U per mk; Fig. 1). Fifty of the 55
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donors had given at least 1 unit in the pre-ramp-up
phase, that is, before their estimated cutoff date of 0.05
copies per rL. Of the 225 units given in the pre-ramp-
up phase, 108 were found to be TMA-reactive on at least
one of four replicates (deemed viremic) whereas
117 units (and all 55 control HCV-uninfected donor
units) were nonreactive by TMA on four of four
replicates (deemed nonviremic). Six panels with viremic
pre-ramp-up units had undergone additional testing by
d-TMA and by an HCV PCR (COBAS AmpliScreen, Roche
Molecular Systems, Pleasanton, CA) for the purpeses of
another study (from 3 to 23 additonal replicate test
results were available). The presence of low-titer viremnia
in the pre-ramp-up phase was confirmed in five of the
six panels with 48 percent of the viremic bleeds testing
reactive on at least one additional RNA test. Figure 4
shows, for each donor, the TMA reactivity of each unit
given in the pre-ramp-up phase. We found that intermit-
tent TMA reactivity occurred in the pre-ramp-up phase
for at least 37 of 50 donors (possibly more since inter-
mittent TMA reactivity may be missed because bleeds
were not obtained on every day of the pre-ramp-up
phase). In our observation period, the earliest detectable
viremic bleed occurred an estimated 63 days before
onset of the estimated 0.05copy per mL ramp-up
period. Of the TMA-reactive bleeds, 37, 18, 22, and
23 percent were reactive on one, two, three, and four of
four TMA replicates, respectively; four of four or three of
four reactive TMA replicates were as
likely to occur in the early or Jater part

g of the pre-ramp-up phase (p=0.53).

® — -4

Pre-ramp-up phase

Ramp-up
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Plateau phase

The Matkov chain model indicated
that periods of detectable viremia
lasted on average 5.3 days and alter-

. nated with periods of nonviremia last-
. «  ing on average 5.5 days.

: Except for two ramp-up bleeds with
slight ALT elevations (46 and 55 JU/L,
respectively), ALT levels were within
normal limits (<3510/1) in the pre-
ramp-up and ramp-up periods (median
of 11 and 101U/, respectively). In the
pre-ramp-up phase, AIT levels were
shmilfar for viremic and nonviremic units
tinedian, 11IU/L). The median ALT
level was 161U per L in the plateau
phase (maximum of 352 IU/1). Nine-
teen percent (61 of 319 plateau phase

Fig. 2. Viral RNA Jevels for selected bleeds around the ramp-up phases from 55 plasma
donor panels. Time 0 for each panel was defined as the first bleed date that had a
quantifiable RNA level (2600 I{}/mL). For units collected before Time 0, only imputed
viral Joad data on positive ¢-1CVTMA units that were collected after an RNA-negative
unit {i.e., a unit that was negative bry d-IHCV'ITMA on all four replicates) were included.
Hence, Fig. 2 does not show viral load for positive d-HCV TMA units that preceded
RNA-negative units.

ALT results) of ALT results were outside
normal  limits (35 U/L),*  with
36 percent (28 of 77 subjects) of subjects
having at least one ALT result of greater
than 351U per L. dwing the plateau
phase. There was a slight tendency for
each donot's ALT and RNA levels to
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Fig. 3. Viral load in the ramp-up phase. Log viral load for the selected ramp-up hleeds
linearly increased during the ramp-up phase with viral load doubling every 10.8 hours

{95% C1,9.9-12.0),

DISCUSSION

Our findings demonstrate that in source
plasma donors with community-
acquired HCV infections, intermittent
low-level HCV viretnia (serum RNA
levels estimated at <120 copies/mL, the
estimated viral copy number if four of
four TMA replicates were positive—see
Materials and methods and Appendix)
can occur as much as 2 months before
the ramp-up period. This ramp-up
period (that is, period of rapid increase
in circulating RNA levels) was followed
by a period of high-titer viremia charac-
terized by circulating RNA levels ranging
fromn 4.1 2 10" to 7.2 % 107 copies per mL;
the duration of this plateau phase (time
from HCV RNA levels exceeding
4.0 x 10" copies/mL to EIA seroconver-
sion) averaged 56 days. Elevations in
ALT levels, if present, were primarily
observed during the plateau phase and
were commonly predictive of serocon-

| ety g
20

version within the next 1 or 2 weeks;

however, seroconversion appeared to

take place without ALT elevation in a

majority of plasma donors. ALT levels
did not appear to be strongly correlated
with sexum RNA levels, supporting the
hypothesis that HCV is probably not
directly hepatocytopathic.2*'*'* Studies

Panels

of patients who acquired hepatitis after

transfusion of HCV-seropuositive blood
components have also found that sero-
conversion appears to follow a period
of high-titer viremia lasting nearly

2months (58 days),'? and Thimme and
colleagues® observed a similar phenom-
enon in. four health-care workers evalu-

LT B L e L a2 L it I L B L B T
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Fig. 4. TMA status of each panel's bleed(s} in the pre-ramp-up phase. Each line repre-
sents a donor and circles represent hleeds by the donox: {®) a unit that was TMA-
reactive {one of four to four of four) and {O) a umit that did not react by TMA (zero of

four).

increase or decrease together from visit to visit (intra-
subject correlation of 0.05, p = 0.004). There was, however,
no significant cormrelation between maxirmum ALT and
RNA values in the plateau phase {intersubject comelation
of 0.08, p=0.46).
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ated within 2weeks of an accidental
needle injury. High RNA levels were
usually observed within 1 to 2 weeks
of transfusion. or inoculation in these
cases.™ One previous study of plasma
donor seroconversion papels also con-
firmed the piesence of this high-tter
viremia and permitted detailed evalua-
tion of the kinetics preceding this
period.” With data from 25 recently infected plasma
donors, Niibling and colleagues’ estimated that viral load
doubled every 10.8 hours in the ramp-up phase, similar to
our findings.

The period immediately after exposure and preceding
ramp-up viremia, often referred to as the “eclipse” phase,





