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Risk Factors for Invasive Fungal Infections Complicating Orthotopic Liver 
Transplantation 
Linda A. Collins,* Matthew H. Samore, 
Mark S. Roberts,* Roberto Luzzati,* 
Roger L. Jenkins, W. David Lewis, 
and Adolf W. Karchmer 
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and Harvard Medical School, Boston, Massachusetts 

Risk factors for invasive fungal infection in patients undergoing orthotopic liver transplanta- 
tion were examined. Thirty-four of 168 transplants were complicated within 100 days after 
transplantation by documented invasive fungal infection (Candida species, 28 patients; mycelial 
fungi, 5; both Candida and Aspergillus species, 1). In the multivariate Cox proportional hazards 
model, three baseline and two posttransplant variables were independently significant risk fac- 
tors for infection: level of creatinine (hazard ratio = 1.4), length of transplant operation (HR = 

1.2), retransplantation (HR = 3.2), abdominal or intrathoracic reoperations (HR = 2.5), and 
cytomegalovirus infection (HR = 8.5). Four predictors (creatinine of ̂ .0 mg/dL, operative time 
of ̂  11 h, retransplantation, and early colonization) assessable at the time of transplantation or 
shortly thereafter were incorporated into a simple predictive model for risk stratification. The 
risk of invasive fungal infection ranged from P/o in patients with no predictors to 6707o in patients 
with two or more predictors. Strategies to prevent invasive fungal infections after liver transplan- 
tation should be targeted to these high-risk groups. 

Invasive fungal infection is a well-recognized, life-threaten- 

ing complication of orthotopic liver transplantation (OLT). 
The incidence of invasive fungal infection after OLT has 

ranged from 5% to 42^, with the most frequent organisms 
being Candida species, followed by Aspergillus species [1-9]. 
The case-fatality rate associated with invasive fungal infec- 
tion has varied from 25^) to 69% [2, 8, 9]. In earlier reports, 
risk factors for fungal infection in liver transplant recipients 
included steroid boluses, antibiotics, prolonged transplant 
operation time, gastrointestinal or vascular complications, 
retransplantation, reintubation, heightened transfusion re- 

quirement, and reoperation [2-5]. However, methods of 

analysis and definitions of fungal infection have varied 

among studies. 

Fungal infections were recognized to be a major cause of 

morbidity and mortality among patients undergoing liver 

transplantation at New England Deaconess Hospital 
(NEDH). Therefore, a retrospective study, using strict defini- 
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tions of invasive disease, was done to evaluate fungal infec- 
tions in liver transplant recipients. The goal was to identify 
risk factors that might prove useful in the development of 
more effective preventative and interventional strategies. 
This analysis focused on infections occurring within 100 

days after transplantation, because fungal infections that oc- 
curred > 100 days after transplantation differed with respect 
to clinical characteristics and causative organisms. Cox pro- 
portional hazards regression, a method for analyzing events 
that occur over time, was used to assess relative risks. 

Materials and Methods 

Study population. Patients undergoing OLT at NEDH be- 
tween July 1983 and July 1990 were studied. Nine patients 
surviving ̂ 8 h were excluded from analysis. One chart was 
unavailable. All 187 remaining liver transplantations done in 
158 patients were evaluated. The medical records for the 100 
days after each liver transplant were reviewed. 

Donor management and organ retrieval were generally stan- 
dardized during the period of this review. Between 1983 and 
April 1988, organs were preserved using Euro collins solution. 
From April 1988 until the end of the review period, University 
of Wisconsin preservation solution was used exclusively. 

Transplantation was done as previously described [10]. Bili- 
ary reconstruction was accomplished with either choledocho- 
choledochostomy or Roux-en-Y choledochojejunostomy when 
appropriate. Patients generally received 48 h of perioperative 
antibiotics as prophylaxis. Initially, prophylaxis included a sec- 
ond-generation cephalosporin and ampicillin; in 1989 this was 
changed to ampicillin plus sulbactam. Patients with ̂ -lactam 
antibiotic allergy received an aminoglycoside and clindamycin. 
Although preoperative gut sterilization was not attempted, pa- 
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tients routinely received oral nystatin prophylaxis after trans- 

plant for 3-6 months. Bacterial, fungal, and viral cultures were 
obtained frequently, as clinically indicated. 

Induction immunosuppression generally included intrave- 
nous cyclosporin A, a tapering course of corticosteroids, and 

azathioprine. Immunosuppressive therapy was given orally as 
soon as the patient was capable of taking oral medications. From 
December 1986 to April 1989, patients participated in a multi- 
center, prospective, randomized trial comparing OKT3 and cy- 
closporin A as induction therapy. 

Rejection episodes were initially treated with corticosteroid 
boluses (100-1000 mg). Recycled high-dose oral corticosteroids 
were used in cases in which an initial corticosteroid response was 
followed by sluggish improvement. Refractory rejection was 
treated with 10-14 days of OKT3. 

Definitions. Stringent criteria for invasive fungal infection 
were established so that only unambiguous cases were included 
in the primary analysis. The following categories were defined: 

Fungemia was the recovery of the same organism within 72 h 
from two or more blood cultures or from one blood culture 
drawn from a peripheral vein and one from a central venous 
catheter tip. Invasive surgical site infection was positive intraab- 
dominal culture and either fungemia or microscopic or gross 
pathologic evidence of infection. Invasive nonsurgical site infec- 
tion was microbiologic evidence of fungi at a sterile site plus 
clinical or histologic evidence of infection at the site. Dissemi- 
nated fungal infection was histologic or microbiologic evidence 
of fungal infection in two or more noncontiguous sterile organs 
or the combination of candidemia and endophthalmitis. 

Patients were considered colonized if a fungus was isolated 
from the following without evidence of invasive disease at that 
time: urine, genitalia, respiratory secretions, upper respiratory 
tract, surgical wounds, abdominal or biliary drains, or a single 
blood culture drawn through a central venous catheter or a cath- 
eter tip. 

Species isolated from patients with invasive fungal infection 
included Candida albicans, Candida tropicalis, and Torulopsis 
glabrata. The mycelial fungi included Aspergillus species and 
Pseudoallescheria boydii. Isolates were not available for molecu- 
lar typing. 

Categories of underlying liver disease included fulminant hep- 
atitis (secondary to hepatitis B, non-A non-B hepatitis, medica- 
tion, or toxins), chronic active hepatitis, sclerosing cholangitis, 
primary biliary cirrhosis, and other (e.g., alcoholic cirrhosis, tu- 
mors, heritable disorders). 

The following pretransplant risk factors were defined as di- 
chotomous variables: M days, consecutive, of parenteral antibi- 
otic therapy within 2 weeks before transplantation; >\0 mgof 
corticosteroid/day within 4 weeks of transplantation; intubation 
and ventilator support; dialysis or plasmapheresis; and comatose 
state. The cutoff points for steroid and antibiotic therapy were 
chosen before data analysis and represented an estimate by the 
authors of a dose exposure that would be clinically and physio- 
logically relevant. Other pretransplant variables included loca- 
tion immediately before transplantation (home, non-ICU [in- 
tensive care unit] ward, or ICU), and number of hospital days 
before transplantation (including hospital days at other institu- 
tions before transfer to NEDH). The following laboratory tests 

from the week before transplantation were analyzed: total biliru- 
bin (milligrams per deciliter), aspartate aminotransferase (units 
per liter), alanine aminotransferase (units per liter), prothrom- 
bin time (seconds), albumin (grams per deciliter), blood urea 

nitrogen (BUN; milligrams per deciliter), and creatinine (milli- 
grams per deciliter); values obtained closest to the time of trans- 

plantation were used. 

Intraoperative factors that were evaluated included length of 

transplant operation (time), type of biliary anastomosis, and to- 
tal number of blood product units (platelets, red blood cells, 
fresh frozen plasma, cryoglobulin) given intraoperatively. 

Retransplantation was defined as early if done within 100 

days after initial transplantation and late if done > 100 days after 
the initial transplantation. 

The following posttransplant factors were analyzed: total ICU 

days immediately after OLT, readmission to ICU, number of 
intraabdominal or intrathoracic surgical procedures (reopera- 
tions), cytomegalovirus (CMV) infection, duration of parenteral 
antibiotic therapy after posttransplant day 4, secondary immuno- 

suppression for rejection, use of induction OKT3 therapy, and 

fungal colonization according to site. CMV infection was de- 
fined as isolation of virus from blood culture or liver, histologic 
evidence of CMV hepatitis, or physician decision to initiate gan- 
ciclovir therapy. The following parameters were examined to 
assess secondary immunosuppression: total number of steroid 
boluses ̂  100 mg/day), continued high-dose steroid therapy for 

rejection (steroid recycles), and use of noninduction OKT3 ther- 

apy. The time to colonization was the interval in days between 

transplantation and detection of colonization; patients with fun- 

gal colonization before transplantation were considered to be 
colonized at baseline (time 0). The time to CMV infection was 
the interval in days to the first positive CMV culture or histopath- 
ologic specimen. 

Data analysis. Crude and multivariate analyses were done 

by the Cox proportional hazards regression (Systat for DOS, 
Evanston, IL), which generates hazard ratios (HRs) as the mea- 
sure of effect (relative risk). The date of an invasive fungal infec- 
tion was defined as the first positive histopathologic specimen or 
definitive culture; patients without invasive fungal infection 
were censored at death or 100 days after transplantation. Pa- 
tients undergoing early retransplantation were analyzed as 1 
case, using the initial transplant to assess baseline variables. For 

patients undergoing late retransplantation, each transplant was 

analyzed separately. None of the patients who were retrans- 

planted had an invasive fungal infection before the second 

transplant. The results of the risk factor analyses were not appre- 
ciably altered when initial transplantations of late-retrans- 

planted patients were excluded from the data set. 

Pretransplant and intraoperative factors were analyzed as 
baseline covariates. Posttransplant factors were incorporated as 

time-dependent covariates, which means that they were added 
to the model according to the time (in days since transplanta- 
tion) at which they occurred and only if they occurred before 
invasive fungal infection or censoring. By using appropriate 
multiplicative terms, two-way interactions were examined. The 

validity of the proportional hazards assumption (i.e., that the 
HR did not vary significantly over time) was tested for each 
variable by including a time-dependent multiplicative term, 
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log(7) X X, in which T is the time in days since transplantation 
and X is the independent variable [11]. Statistical significance 
was defined by P < .05 (Wald statistic or likelihood ratio, x2)- 

Risk factors were also examined by the method of risk set 

sampling [11], in which each subject with invasive fungal infec- 
tion (case) was randomly matched to a set of subjects without 
invasive fungal infection at the time (in days since transplant) 
that the case was detected to have invasive fungal infection. 
Conditional logistic regression (Stata 3, Santa Monica, CA) was 
then used to calculate adjusted odds ratios. In a sequential Cox 

regression analysis that was done to examine further the effect of 

fungal colonization, the median interval to invasive fungal in- 
fection was used as the cutoff to categorize infections as early or 
late. Finally, for purposes of risk stratification, a simple risk 
score model was developed using variables that were assessable 
either at the time of or within 1 week after transplant. 

Independently significant predictors were selected by multi- 
variate analysis, and patients were assigned to risk strata on the 
basis of the number of predictors present. The predictive value 
of the model was evaluated by measuring the area under the 

corresponding receiver operating characteristic (ROC) curve 

(Stata 3). 

Results 

We studied 158 patients who underwent OLT between 

July 1983 and July 1990 and 10 patients who underwent 
late retransplantation, so 168 transplantations were exam- 
ined in the analysis of risk factors. Nineteen patients under- 
went early retransplantation, at a median of 7 days (range, 
1-12) after the initial transplant. The 84 men and 74 women 
had a mean age of 46 years (range, 17-69). Other character- 
istics of these patients are shown in table 1. The most com- 
mon indication for transplantation was chronic active hepati- 
tis (30^), followed by primary biliary cirrhosis (17^). 
Twenty patients were supported with mechanical ventilation 
or dialysis before transplantation. The median length of stay 
in the ICU immediately after transplantation was 5 days. 

Thirty-four patients developed invasive fungal infections 
within 100 days of OLT (figure 1). Infections were Candida 

species in 28 patients, mycelial fungi in 5, and both Candida 
and Aspergillus species in 1. All of the mycelial infections 
occurred ^ weeks after transplant. There were 4 patients 
with candidemia alone, 15 patients with invasive Candida 

surgical site infection (11 associated with candidemia and 1 
with concurrent Aspergillus infection), 9 with disseminated 
Candida infection, and 1 with Candida albicans lung infec- 
tion. Four patients had disseminated Aspergillus infection, 
and 1 developed disseminated P. boydii infection. 

Fifty percent of invasive fungal infections occurred ^0 

days after transplantation. The incidence of invasive fungal 
disease was 10-fold higher within 2 weeks after OLT (1.0 
cases/100 person-days) than in the period ^ weeks after 
OLT (0.1 cases/100 person-days). Of the 34 invasive fungal 
infections, 31 occurred during the initial hospitalization as- 

sociated with OLT. Three infections (two Candida species 
and the other Aspergillus species) were diagnosed during a 

subsequent hospitalization, 7-32 days after readmission. 

Twenty-three patients with invasive fungal infection died 
within 100 days of transplantation; of the 17 who underwent 

autopsy, 14 had evidence of active fungal infection as the 

major cause of death. 
In the crude (unadjusted) analysis, pretransplant and intra- 

operative variables associated with invasive fungal infection 
included fulminant hepatitis; late retransplantation; antibi- 
otic therapy; dialysis; bilirubin, BUN, and creatinine levels; 

length of transplant operation; and total blood products 
transfused intraoperatively (table 1). Posttransplant risk fac- 
tors included duration of initial ICU stay, ICU readmission, 

early retransplantation, additional intraabdominal or tho- 
racic surgery, CMV infection, and fungal colonization. Sec- 

ondary immunosuppression for rejection was not a risk fac- 
tor for fungal infection. The HRs associated with early and 
late retransplantation were similar, so retransplantations 
were grouped into a single baseline risk factor for subsequent 
analyses. 

None of the risk factors violated the proportional hazards 

assumption (constant HR over time) except fungal coloniza- 
tion. The augmented risk associated with fungal colonization 
declined significantly with increasing length of time after 
OLT (P = .001). Therefore, fungal colonization was reana- 

lyzed using sequential Cox regression. In this analysis, the 
relative risk associated with fungal colonization was deter- 
mined separately for the 17 early infections ^10 days after 

OLT) and the 17 late infections (^10 days after OLT; table 

2). 
Colonization was a highly significant predictor for early 

infections but not for late infections. Furthermore, the high- 
est risk of invasive fungal infection was associated with co- 
lonization detected by posttransplant day 3 (figure 2). In the 
28 patients colonized before invasive fungal infection, the 
median interval between detection of colonization and inva- 
sive fungal infection was 7 days (range, 1-62). In each case, 

colonizing organisms from one or more sites belonged to the 
same species as the organism causing infection, including in 
2 patients with Aspergillus organisms in sputum culture 3 
and 8 days before the diagnosis of disseminated aspergillosis. 

The risk of infection did not rise with increasing number of 
sites of colonization, nor did it vary significantly according to 
the site of colonization (table 2). Twenty-one colonized pa- 
tients who did not develop invasive fungal infection received 

systemic antifungal therapy (amphotericin in 19, flucona- 
zole in 2), including 3 of 4 patients with a single positive 
blood culture for Candida species. Patients colonized at 
three or more sites who did not develop invasive fungal in- 
fection were more likely to receive empiric antifungal ther- 

apy than patients colonized at fewer sites (15/41 [37^] vs. 

6/47 [\37c]; P = .01, Fisher' s exact test). Of the 41 patients 
colonized at three or more sites without evidence of invasive 
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Table 1. Crude analysis of risk factors for invasive fungal infection (IFI) using the Cox proportional hazards regression. 

IFI No IFI Hazard IFI No IFI Hazard 
Variables (n = 34) (n = 134) ratio Variables (n = 34) (n = 134) ratio 

Age (years) Immediate pretransplant laboratory 
<40 11(21) 41(79) Ref values* 
40-49 10(17) 48(83) 0.8 Blood urea nitrogen (mg/dL) 

^50 13(22) 45(78) 1.1 <25 15(14) 91(86) Ref 
Sex, female 18(23) 60(77) 1.3 25-49 10(30) 23(70) 2.4* 
Year of transplant >50 9(33) 18(67) 3.0* 

^1986 14(25) 41(75) Ref Creatinine (mg/dL) 
1987-1988 7(14) 42(86) 0.5 <L5 18(14) 106(86) Ref 
1989-1990 13 (20) 51 (80) 0.8 1.5-2.9 6 (27) 16 (73) 2.2 

Pretransplant >3.0 10(50) 10(50) 5.6* 
Underlying disease or condition Intraoperative 

Fulminant hepatitis 8(35) 15(65) 2.4* Total no. of blood product 
Chronic active hepatitis 11(28) 40(72) 1.1 units transfused* 

Primary biliary cirrhosis 6(21) 23(79) 0.9 <50 3(5) 54(95) Ref 
Sclerosing cholangitis 5(24) 16(76) 1.1 50-99 12(26) 34(74) 5.3* 
Other 4(9) 40(91) 0.4 ^100 19(29) 46(71) 6.8* 
Antibiotic therapy 11(31) 24(69) 2.2* Transplant operation time (h) 
Steroid therapy 9(33) 18(67) 1.9 <9 11(14) 65(86) Ref 
Ventilation 6(38) 10(62) 2.1 9-10.99 5(13) 35(88) 0.9 
Dialysis 5(71) 2(29) 6.1* >\\ 18(35) 34(65) 2.8* 
Comatose 4(31) 9(69) 1.8 Type of biliary anastomosis 
Location Choledochocholedochostomy 24 (19) 105 (81) Ref 

Home 12(17) 58(83) Ref Choledochojejunostomy 10(26) 29(74) 1.4 
Ward 12(21) 46(79) 1.0 Retransplantation 
Intensive care unit (ICU) 10(25) 30(75) 1.5 Late retransplant 5(50) 5(50) 2.9* 

Length of hospital stay before Early retransplant8 8 (42) 11 (58) 3.4* 
transplant (days) Posttransplant" 

0 12(17)58(83) Ref Immediate posttransplant ICU stay 
1-19 13(21) 50(79) 1.3 (days)1 
^20 9(26) 26(74) 1.6 <5 9(11) 74(89) Ref 

Immediate pretransplant laboratory >5 25(29) 60(71) 8.8* 
values* Readmission to ICU? 8(20) 33(80) 3.3* 

Total bilirubin (mg/dL) Major intrathoracic or 
<5 8(13) 55(87) Ref intraabdominal 
5-14.9 8(17) 38(83) 1.3 reoperation8 
^15 18(31) 40(69) 2.7* 0 17(16) 91(84) Ref 

Asparate aminotransferase (units/ 1 8 (22) 28 (78) 3.6* 
L) >2 9(38) 15(62) 8.1* 

<100 9(15) 52(85) Ref Cytomegalovirus infection8 13(25) 39(75) 13.7* 
100-199 14(22) 49(78) 1.6 Immunosuppressive therapy 
^200 1 1 (27) 30 (73) 2.0 Number of steroid boluses8 

Alanine aminotransferase (units/L) 0 20(31) 44(69) Ref 
<100 16(16) 86(84) Ref 1-2 9(19) 38(81) 2.3 
100-199 6(27) 16(73) 1.9 ^3 5(9) 52(91) 1.4 
^200 5(22) 18(78) 1.5 Use of secondary OKT3 therapy8 5(9) 50(91) 0.8 

Prothrombin time (s) Use of induction OKT3 therapy 9(19) 38(81) 0.9 
< 15 18 (20) 71 (80) Ref Duration of parenteral antibiotics 
15-19 10(18) 47(82) 0.9 (days) 
^20 6(29) 15(71) 1.7 <10 21(23) 70(77) Ref 

Albumin (g/dL) 10-19 7(18) (82) 0.6 
1.0-1.9 3(23) 10(77) Ref 5*20 6(16) (84) 0.6 
2.0-2.9 21(22) 73(78) 0.9 
^3.0 10(17) 49(83) 0.7 

NOTE. Ref = reference category; if not indicated, absence of exposure represented reference category. Data are no. of patients ( *Z^05 
*Z^.05. 
t Small numbers of patients had missing data. 
* Red blood cells, fresh frozen plasma, platelets, cryoglobulin. 8 8 Evaluated as time-dependent covariates. 
11 Based on exposures that occurred before invasive fungal infection or censoring. 
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Week after transplantation 

Figure 1. Organisms causing invasive fungal infection in liver 
transplant recipients within 100 days of transplantation. 

fungal infection, only 6 died within 100 days of transplanta- 
tion (3 of whom had been treated with amphotericin). The 
absence of invasive fungal disease was confirmed at autopsy 
in 4 of these patients. 

A multivariate Cox proportional hazards analysis was 
done to adjust for confounding and determine risk factors 
with the strongest independent effects. Colonization was not 
included in this model because of its nonproportional effect 
over time and because it represents an intermediate step in 
the causal pathway of other risk factors. Three baseline and 
two posttransplant variables were independently significant 
in the multivariate model (table 3): creatinine level (HR, 
1.4; 95*30 confidence interval [CI], 1.2-1.6), operation time 

(HR, 1.2; 95^ CI, 1.1-1.4), retransplantation (HR, 3.2; 957o 
CI, 1.5-6.5), abdominal or thoracic reoperation (HR, 2.5; 
957o CI, 1.6-3.8), and CMV infection (HR, 8.5; 957o CI, 

3.3-21.7). The results of the multivariate model were not 

substantially altered if 5 patients with only mycelial infec- 
tion were deleted from the analysis or if 4 patients with single 
Cflwd/dtf-positive blood cultures were included. The same 
five variables remained highly significant and, for each vari- 
able, the change in the hazard ratio was ^0*1). 

The multivariate analysis revealed that the high relative 
risk associated with CMV infection was not confounded by 
other variables, such as ICU stay or antibiotic exposure. How- 
ever, since 8^ of CMV infections arose ^ weeks after 

transplant, most invasive fungal infections had already oc- 
curred by the time CMV disease was detected. Of the 14 

patients with invasive fungal infection developing at least 2 
weeks after OLT, 12 had prior CMV infection. The median 
interval between diagnosis of CMV infection and invasive 

fungal infection was 17 days (range, 1-52). 
To corroborate the results of the time-dependent Cox anal- 

ysis, the data were reexamined by risk set sampling [9]. Con- 
trols were selected by randomly matching each case to 4 

subjects who did not have invasive fungal infection at the 
time (in days since OLT) that the case was diagnosed with 
invasive fungal infection. Exposures in controls were then 
assessed within the period up to the time of invasive fungal 
infection in the respective matched case. Using conditional 

logistic regression, the effect of CMV on invasive fungal in- 
fection was similar to findings with the Cox model, with an 

adjusted odds ratio equal to 9.1 (P = .02). 
Finally, an additional analysis was done to generate a sim- 

Table 2. Effect of fungal colonization on early versus late invasive fungal infections (IFI) using 
sequential Cox proportional hazards regression. 

No. of sites 
of colonization* 

0 1 91 Ref 5 44 Ref 
1 10 33 49.4(9.6-253.7) 3 21 2.8(0.7-11.9) 
2 4 20 39.4(6.6-235.1) 2 25 1.7(0.3-8.6) 
>3 2 7 47.2(6.4-361.4) 7 40 3.4(1.0-11.5) 

Sites of colonization*8 
Urine 11 24 5.5(2.0-15.2) 10 69 1.9(0.7-5.1) 
Sputum 7 33 5.1(1.9-13.8) 10 49 3.4(1.3-8.9) 
Drain11 10 22 12.4(4.5-33.5) 7 44 1.4(0.5-3.8) 
Wound 3 12 4.9(1.04-22.7) 4 31 1.4(0.4-4.2) 

NOTE. CI, confidence interval; Ref, reference category. * Data censored at 10 days. 
t Excludes patients who died or had invasive fungal infection ̂ 0 days after transplant. 
t Evaluated as time-dependent covariates. 
s For each site, absence of colonization at that site represented reference category. 
11 Abdominal and biliary. 

Early (< 10 days after transplant)* 

IFI 

(n = 17) 

NoIFI 
(n = 151) 

Hazard ratio 
(95% CI) 

Late (10-100 days after transplant^ 

IFI 

(n = 17) 

No IFI 

(n = 130) 
Hazard ratio 

(95% CI) 
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Figure 2. Kaplan-Meier curve demonstrating freedom from in- 
vasive fungal infection among patients stratified by interval to co- 
lonization. 

Figure 3. Kaplan-Meier curve showing freedom from invasive 
fungal infection among patients stratified by baseline predictors 
(creatinine of ^.0 mg/dL, transplantation operative time of ^11 
h, retransplantation, early fungal colonization). 

pie risk score model for purposes of disease prediction. Vari- 

ables, including colonization, that were assessable at the 
time of transplantation or shortly thereafter were evaluated 
for inclusion in this model. Creatinine level and operation 
time were converted to dichotomous variables to simplify 
use; cutoffs of 3.0 mg/dL for creatinine and 11 h for trans- 

plant operation time were chosen to maximize discriminabil- 

ity. 
There were four highly significant, independent predic- 

tors: renal insufficiency (creatinine of ^.0 mg/dL), pro- 
longed transplant operation time (^ 11 h), retransplantation, 
and early fungal colonization (within 3 days after OLT). Pa- 
tients were stratified into low- , moderate- , or high-risk groups 
on the basis of the number of predictors present. The inci- 
dence of invasive fungal infection was \7c (1/72) in patients 
with no predictors, 20^ (13/66) in patients with one predic- 
tor, and 67^ (20/30) in patients with two or more predictors 

Table 3. Factors related to invasive fungal infection using a mul- 
tivariate Cox proportional hazards regression model. 

95% 
Hazard confidence 

Risk factor ratio interval P 

Creatinine* 1.4 1.2-1.6 <.001 

Transplant operative time 1.2 1.1-1.4 .006 

Retransplantation (early or late) 3.2 1.5-6.5 .002 

Reoperations^ 2.5 1.6-3.8 <.001 

Cytomegalovirus infection^ 8.5 3.3-21.7 <.001 

* Two patients with missing serum creatinine levels were assigned median 
values (0.9 mg/dL). 

t Levels were 0, 1, or 2. 
* Time-dependent covariates. 

(figure 3). The area under the ROC curve for this predictive 
model was 0.85. 

Discussion 

Nosocomial fungal infections, primarily with Candida spe- 
cies, have increased substantially in incidence over the past 
decade [12, 13]. The usual pathogenic sequence in candide- 
mia or invasive candidal infection is postulated to begin with 
mucocutaneous or gastrointestinal colonization, followed by 
penetration of organisms into the bloodstream via intravascu- 
lar devices or translocation of organisms across an injured or 

disrupted gastrointestinal tract [14, 15]. Defects in host de- 
fenses play a critical role in facilitating this sequence [16, 
17]. Risk factors for nosocomial candidal infection that have 
been identified include use of central intravenous or chronic 

indwelling catheters, parenteral nutrition, hemodialysis, in- 

tensity of antibiotic exposure, immunosuppression, and 

prior fungal colonization [18-20]. Patients at risk for inva- 
sive Aspergillus infection constitute a more limited group, 
primarily persons with prolonged granulocytopenia or severe 

immunosuppression. 
Solid organ transplant recipients are a population at in- 

creased risk for fungal infection, and among these patients, 
liver transplant recipients have the highest risk [21]. It is 

postulated that deficient hepatic reticuloendothelial func- 
tion, surgical manipulation, and biliary tract obstruction en- 
hance the risk of candidal infection arising from the gastroin- 
testinal tract in liver transplant recipients [8, 21]. In earlier 
studies of such patients, risk factors for fungal infection in 
crude analysis included preoperative steroid use, preopera- 
tive antibiotic use, longer transplant and posttransplant 

Days after transplantation Days after transplantation 
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operation time, number of steroid boluses, and duration of 
antibiotic use after transplant [2, 3, 7]. 

Three prior studies used multivariate models to assess inde- 

pendently significant risk factors [4, 8, 22]. In one [8], risk 
factors were examined using discriminant function analysis, 
a method that assumes that the independent variables (risk 
factors) follow a multivariate normal distribution. Indepen- 
dently significant risk factors included retransplantation, 
reintubation, bacterial infections, transfusion requirement, 
urgent status, steroid dose, vascular complications, and anti- 
biotic use. However, of 72 patients considered to have fungal 
infection, 13 had multiple sites of colonization without evi- 
dence of invasive disease, and 9 had pneumonitis with only 
positive bronchoalveolar lavage specimens. 

In another multivariate analysis of fungal infection after 
OLT, by Tollemar et al. [4], 5 of 18 cases of candidal infec- 
tion were diagnosed on the basis of a rising candidal glyco- 
protein antigen in the absence of culture or histologic confir- 
mation. In that study, independently significant risk factors 
for infections occurring :M0 days after transplant were re- 

transplantation, longer transplant operation time, and high 
transfusion requirement. 

Another recent study examined risk factors for invasive 

aspergillosis using patients colonized with Aspergillus species 
as the comparison group. Elevated creatinine and use of 
OKT3 were the only independently significant risk factors in 
multivariate logistic analysis [22]. 

The goals of the present study were to assess indepen- 
dently significant risk factors for strictly defined invasive fun- 

gal infections after OLT to aid in the development of more 
effective strategies for prevention. Risk factors were analyzed 
by using the Cox proportional hazards regression, an appro- 
priate method for analyzing data from cohort studies, in 
which outcomes and exposures occur over time. Posttrans- 

plant exposures, such as CM V infection and immunosuppres- 
sive therapy for rejection, were examined as time-dependent 
covariates, so that they were included in the model according 
to the time at which they occurred and only if they occurred 
before invasive fungal infection. 

There were 34 invasive fungal infections within 100 days 
of OLT, most (85^) of which were caused by Candida spe- 
cies. A major epidemiologic distinction between mycelial 
and candidal infections was that the former tended to occur 
later in the posttransplant period. The mycelial infections 
were still predominantly nosocomial in origin, as 5 of 6 in- 
fections occurred during the initial hospitalization associated 
with transplantation. Temporospatial clustering of candidal 
and mycelial infections was not evident, and routine infec- 
tion control surveillance during this period did not detect 
sources of nosocomial transmission. However, because of the 

retrospective nature of this study, additional epidemiologic 
data, such as the intensity of environmental exposure to 

Aspergillus spores, were not available. 

Numerous variables were associated with invasive fungal 
infection in the crude analysis of risk factors, including fulmi- 
nant hepatitis; retransplantation; pretransplant antibiotic 

therapy; dialysis; bilirubin, BUN, and creatinine levels; 
transplant operation time; total blood products transfused 

intraoperatively; duration of initial ICU stay; ICU readmis- 
sion; additional intraabdominal or thoracic surgery; CMV 
infection; and fungal colonization. Many of the risk factors 
were highly correlated (collinear), probably because they re- 
flected similar or identical underlying conditions or causes 

(e.g., severity of illness). These risk factors overlap with ones 

previously identified in nontransplant and transplant popula- 
tions, except that enhanced immunosuppression did not in- 
crease risk of invasive fungal infection in the present study. 
In fact, there was not even a trend toward increased risk 
associated with increasing number of steroid boluses or use 
of OKT3 therapy. 

Patients with early-onset fungal infection had particularly 
infrequent exposure to steroid boluses or other secondary 
immunosuppression (only 3 of 20 patients with fungal infec- 
tion within 2 weeks after OLT had received therapy for rejec- 
tion). This does not imply that immunosuppression has no 
effect on increasing risk of fungal infection in liver transplant 
recipients. Since all such patients receive some form of pri- 
mary immunosuppression, the presence or absence of this 

exposure cannot be examined as a risk factor. Furthermore, 
the intensity of immunosuppressive treatment for rejection is 
an indirect proxy for the level of immunosuppression. Direct 
measurements of immune function (e.g., T cell proliferative 
assays) might have correlated better with risk of invasive in- 
fection. 

The majority of patients (69^) demonstrated fungal co- 
lonization at one or more sites, most commonly in urine and 

sputum specimens and at biliary or abdominal drains. In the 
Cox proportional hazards model, the strength of the associa- 
tion between colonization and invasive infection declined 

significantly with increasing time after OLT. Fungal coloni- 
zation was a very strong predictor of early invasive fungal 
infections ̂ 10 days after OLT) but a comparatively weak 

predictor of later fungal infections. Among 17 patients with 

early invasive fungal infection, 16 were colonized, with a 
median interval between detection of colonization and de- 
tection of invasive disease of only 2.5 days. The short inter- 
val between colonization and detection of fungal disease in 
some patients suggested that invasive disease was already 
present at the time colonization was detected. 

It was difficult to draw conclusions about the effect of 

increasing number of sites of colonization, since patients 
with multiple sites of colonization more frequently received 

empiric antifungal therapy. Colonization at three or more 
sites was not associated with increased mortality, emphasiz- 
ing the point that multiple sites of colonization should not be 
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considered equivalent to invasive disease, which was 

strongly associated with mortality. 
A limitation of this study is that detection of colonization 

relied on clinical specimens rather than prospectively col- 
lected surveillance cultures. Clinical cultures are more fre- 

quently obtained when patients have signs or symptoms of 
infection, introducing an exposure ascertainment bias. This 
bias may have magnified the association between coloniza- 
tion and invasive disease. 

Multivariate analysis was used to identify risk factors with 
the strongest independent effects and, excluding fungal co- 
lonization, only five factors remained statistically significant: 
pretransplant creatinine, transplant operation time, retrans- 

plantation, additional intraabdominal or intrathoracic oper- 
ations, and CMV infection. To a large extent, these risk fac- 
tors reflect increased severity of illness at the time of 

transplantation and more complicated postoperative 
courses. It is possible that liver transplantation earlier in the 
course of liver failure would reduce the risk of subsequent 
fungal infection, but whether this would improve overall 
outcome is not clear. Of interest, late retransplantation 
carried a risk of fungal infection similar to that of early re- 

transplantation, despite significantly less ICU exposure at 
the time of retransplantation, suggesting that the association 
between retransplantation and invasive fungal infection was 
not due simply to increased severity of illness. 

The strong association between CMV infection and inva- 
sive fungal infection, even after adjusting for other risk fac- 
tors (HR, 8.5), suggests that it is not a spurious result. CMV 
infection may predispose to invasive fungal disease through a 

variety of mechanisms, such as inhibition of leukocyte or 
reticuloendothelial function or exacerbation of hepatic dys- 
function. Recent data support the association between CMV 
and fungal infection in liver transplant recipients [23], and 
there is evidence from other studies that CMV infection also 
contributes to bacterial superinfection [24-26]. The results 
of this study suggest that prevention of CMV disease could 
reduce the incidence of fungal infections occurring ̂  weeks 
after transplantation. The potential effectiveness of this ap- 
proach has been supported by the results of a recent random- 
ized trial of CMV IgG prophylaxis in liver transplant recipi- 
ents [27]. 

Another utility of risk factor analysis is to aid in the devel- 

opment of predictive models for risk stratification. A simple 
predictive model was generated using variables that were as- 
sessable at the time of transplantation or shortly thereafter. 

Severe renal insufficiency (creatinine of ^.0 mg/dL, pri- 
marily due to hepatorenal syndrome), prolonged operative 
time (^11 h), retransplantation, and colonization within 3 

days of OLT were highly significant, independent predictors. 
Patients were stratified into low- , moderate- , and high-risk 
groups on the basis of whether no, one, or two or more pre- 
dictors were present. The incidence of invasive fungal infec- 

tion ranged from \7c (1/72) in the low-risk group to 67% 

(20/30) in the high-risk group. If patients were colonized 
within 3 days of transplantation and had one or more of the 
other baseline predictors, the risk of invasive fungal infection 

by posttransplant day 10 was 63^ (12/19). Therefore, in 
these high-risk patients, the threshold for diagnostic evalua- 
tion and empiric therapy for presumptive invasive fungal in- 
fection should be low. 

Ultimately, effective methods to prevent invasive fungal 
infection in liver transplant recipients are needed. If prospec- 
tively validated, the predictive model described here may be 
useful for selecting patients who will benefit from antifungal 
prophylaxis. The strategy of selective antifungal prophylaxis 
was applied to a consecutive series of liver transplant recipi- 
ents at Baylor University Medical Center, where low-dose 
intravenous amphotericin B was given to patients in the 
ICU, those receiving lactulose therapy for encephalopathy, 
or those with positive fungal cultures before transplantation 
[28]. The overall incidence of serious fungal infection was 
7.5*, and only 2 of 13 fungal infections were fatal. However, 
the number of patients receiving antifungal prophylaxis and 
methods of diagnosis were not described. The efficacy of dif- 
ferent strategies for prevention of invasive fungal infection 
after liver transplantation will be better defined by prospec- 
tive comparative trials. 

In summary, this study confirms the significant morbidity 
and mortality associated with invasive fungal infections, pri- 
marily due to Candida species, in liver transplant recipients. 
A limited number of risk factors were independently signifi- 
cant and were useful for stratification of patients by risk of 
infection. Interventional strategies to modify risk factors or 
initiate antifungal prophylaxis in high-risk patients may re- 
duce the incidence of invasive fungal infection and warrant 
further study. 
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