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Hyperthermia in Humans Enhances
Interferon-y Synthesis and Alters the Peripheral
Lymphocyte Population

J.F. DOWNING,' H. MARTINEZ-VALDEZ,"* R.S. ELIZONDO,?
E.B. WALKER,? and M.W. TAYLOR!

ABSTRACT

Induction of hyperthermia (39°C) in human volunteers by immersion in warm water (41-
45°C) rapidly alters the cell populations in the peripheral blood. In addition to granulo-
cytosis, there is an alteration of the normal ratios among T-lymphocyte subsets. Follow-
ing in vitro mitogen stimulation, lymphocytes from hyperthermic individuals produce as
much as 10-fold more interferon-y (IFN-y) than cells withdrawn at basal core tempera-
tures from the same individuals. A temperature threshold of 39°C for this response sug-
gests potential relevance to fever. No change was noted in the activity of the macrophage
population. The possible involvement of interleukin-2 (IL-2) in this enhanced production
is discussed. No changes were noted in the circulating levels of IFN-y.

INTRODUCTION

IN VERTEBRATES, fever represents a complex adaptive response to infection. An elev‘ation of the
normal body temperature results in enhanced survival to microbial challenge. ‘" Fever is associ-
ated with an increase in the number of circulating polymorphonuclear leukocytes,* increased mo-
bilization of leukocytes, ®’ elevated production of and responsiveness to leukocyte migration inhibi-
tory factor," and augmented antibody synthesis.*-¢

Although interferon-y (IFN-v) confers an antiviral state on cells, as does IFN-a and IFN-8, it has
additional immunomodulatory functions. These include macrophage activation,” induction of
HLA antigens on the surface of responsive cells, ®-'® and activation of natural killer (NK) cells. "’
Additionally, IFN-v is directly involved in the generation of cytotoxic T lymphocytes‘'? and in the
maturation of resting B lymphocytes to active plasma cells.*® Thus, this lymphokine appears to
occupy a pivotal point in both humoral and cell-mediated immune responses.

While most studies of enhanced immune responsiveness at febrile temperatures have been per-
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formed in vitro, we wished to examine possible in vivo mechanisms involved in lymphokine produc-
tion. Thus, we designed an experiment that would allow investigation of such mechanisms, without
the complexities concomitant with direct immune stimulation.

Preliminary experiments were performed by inducing hyperthermia in rhesus monkeys by placing
them in a regulated climatic room at a temperature of 45°C. Within 90-120 min, the animals’ rectal
temperatures had increased 2°C. Mitogen-stimulated mononuclear cells isolated immediately after
this elevation of core temperature showed a significant increase in IFN-y activity relative to simi-
larly treated samples isolated at normal resting temperatures. !4

Here we demonstrate that a similar mechanism exists in humans potentially to augment IFN-y
synthesis. A temperature threshold of 38.5-39.0°C is required to elicit this response, which suggests
a direct relationship with fever. Additionally, an analysis of the subsets of T and B lymphocytes by
flow cytometry indicated a change in the T-subset populations, as well as an increase in NK cells.
This is accompanied by an increase in IL-2 production, which may account for the enhanced IFN-y
synthesis.

MATERIALS AND METHODS

Human Subjects and Induction of Hyperthermia: Healthy volunteers, between the ages of 20
and 35 were used in this study. Core body temperature was measured rectally with a Digitec 5810
digital thermometer. A heparinized blood sample was obtained via venipuncture and stored on ice.
The subject was then approximately 70% immersed in a warm water bath (40-45°C). Rectal tem-
perature was measured at 30-min intervals. Subjects were withdrawn from the experiments when
core body temperature was between 39 and 39.5°C.

Isolation of Mononuclear Cells: Heparinized blood samples were obtained via venous cannula-
tion of the anticubital vein and stored on ice. The blood was diluted with three volumes of phos-
phate-buffered saline (PBS, pH 7.4) and the mononuclear fraction isolated by Ficoll-Hypaque den-
sity gradient centrifugation as described previously.‘*) Cells were resuspended at 4 x 10° cells/ml
in RPMI-1640 medium, supplemented with 10% fetal calf serum, 20 mM glutamine, 100 pg/ml
streptomycin, and 50 units of Penicillin G. )

Macrophage Separation: Macrophages were separated from the lymphocytes by adherence to .
plastic for 2 h at 37°C in 24-well plates. The nonadherent lymphocytes were isolated by vigorously
washing the wells with PBS. Lymphocytes were then centrifuged, and the culture reconstituted at
the original cell density of 1.5 X 10°¢ cells/ml.

Induction and Assay of IFN: IFN-y was induced by incubation of mononuclear cells with phyto-
hemagglutinin (PHA, Difco, Detroit, MI) at 33 ug/ml. Quantitation of IFN production was either
by a cytopathic effect (CPE) protection assay using vesicular stomatitis virus (VSV) on Hep-2 and
WISH cells, or by using a radioimmune assay (Boots-Celltech, Slough, UK).

Flow Cytometry: Flourescence-activated flow cytometric analysis was performed on a Coulter
Epic 753 Cell Sorter. Washed mononuclear cells were resuspended at 10° cells/50 ul cold PBS. Ten
microliters of commercially available flourescein isothiocyanate-conjugated antibodies to human
lymphocyte or monocyte surface antigens was added. Tubes were agitated and incubated on ice for
30 min with occasional agitation. The labeled cells were then washed twice with cold PBS and fixed
in 1 mli of cold 1% paraformaldehyde solution. Fixed cells were stored in the dark for up to 1 week.
Specific monoclonal antibodies were purchased from Becton-Dickinson (Mountain View, CA).

Assay of IL-2 Activity: Serial twofold dilution of an IL-2 standard (Electronucleonics) or me-
dium from 48 h PHA-stimulated mononuclear cell cultures was added to 96-well microtiter plates
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containing the IL-2-dependent cell line CTLL-2. Target cells were plated at a concentration of 5 x
10°® cells/well in a total volume of 200 ul. After 24 h of incubation at 37°C in a CO, incubator, each
well was pulse-labeled with 0.5 pCi [?’H]thymidine for 6 h. Cells were harvested using a Cambridge
Technology PHD Cell Harvester, and the DNA precipitated in 95% ethanol and incorporation
counted on GF/A glass fiber filters.

RESULTS
The effect of in vivo hyperthermia on IFN-y synthesis

Hyperthermia was previously shown to result in increased IFN-y synthesis in mononuclear cell
cultures.*® 1f such a mechanism were related to the physiologic effects of fever, then a threshold
temperature should exist for the occurrence of this response beyond the normal diurnal variations
of body temperature. Hyperthermia was induced in male human volunteers by immersion in a
warm water bath at 41-45°C. As shown in Fig. 1A, after a short lag period, the core body tempera-
ture of subjects increased linearly at a rate of approximately 0.5°C per 30 min. Venous cannulation
allowed removal of peripheral blood samples at specific intervals. Figure 1B shows the levels of
IFN-v induced by PHA in mononuclear cell cultures isolated from individuals with the correspond-
ing rectal temperatures. The mean values from four subjects represented in the figure are 380 U/ml
IFN-y at 37°C, 430 U/ml at 37.5°C, 800 U/ml at 38°C, 580 U/ml at 38.5°C, and 4,000 U/ml at
39°C. Therefore, the highest value obtained from hyperthermic individuals is a 10-fold elevation in
IFN-y compared to control levels. This difference is statistically significant (p < 0.01) by z-test
analysis. The effect is not limited to PHA as the inducer of IFN-y, as similar enhancing effects in
hyperthermic samples were observed using staphylococcal enterotoxin B. Thus, there is a physio-
logical response in vivo to febrile temperature which includes changes in the circulating lymphocyte
pool that increase their potential to synthesize IFN-y. No effect of hyperthermia was found on the
circulating levels of IFN-a or IFN-y.

The effect of pre- and post-hyperthermia macrophages on IFN-y synthesis

While T lymphocytes are the source of IFN-v, several previous studies have established that mac-
rophages provide an accessory function to enhance 1FN-y production in mitogen-stimulated mono-
nuclear cell cultures.*®) Depletion of macrophages from such cell cultures significantly reduced
IFN-y synthesis. We examined whether the posthyperthermic macrophage population of the pe-
ripheral blood had the capacity to augment the synthesis of IFN-y by macrophage-depleted control
(37°C) lymphocyte cultures. Washed Ficoll-separated mononuclear cells were incubated in wells of
a 24-well plate for 2 h at 37°C to permit attachment of macrophages. The nonadherent lymphocyte
fraction was then removed by repeated vigorous washing. Lymphocytes were then restored to the
original concentration by centrifugation. Lymphocytes thus obtained from normothermic individ-
uals were added to a monocyte population isolated from the same individual following the induc-
tion of hyperthermia, and subsequent IFN-y production was measured after 72 h co-incubation.
No increased IFN-y release was detected when lymphocytes from hyperthermic individuals were
added to control lymphocytes, or vice versa. Thus, the macrophage fraction does not appear to be
responsible for the enhanced IFN-y synthesis during the in vitro incubation period.

Fluorescence-activated cell sorter analysis of lymphocyte subsets

Since this increased capacity for IFN-y induction in response to temperature occurred relatively
quickly, we analyzed whether changes in the peripheral blood population might be correlated with
this effect. Examination of peripheral blood leukocytes from three subjects revealed that the induc-
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FIG. 1. Determination of an in vivo threshold temperature associated with augmented IFN-vy syn--
thesis in leukocyte cultures. A. Increase in core body temperature with time. B. IFN-y produc-
tion from PHA-stimulated lymphocyte culture withdrawn from subjects at differing core body tem-
peratures. Bar indicates standard deviation.

tion of febrile temperatures results in a rapid granulocytosis (Table 1). This agrees with previous
findings of an elevated number of circulating polymorphonuclear cells during fever.'® However,
the total number of lymphocytes increased only slightly (9%) and the number of circulating mono-
cytes and eosinophils remained essentially unchanged. Although the phenotype of the IFN-y-pro-
ducing cell remains obscure, several studies have shown that less than 1.0% of lymphocytes synthe-
size this lymphokine after mitogen stimulation.*”-*® The observed increase in IFN-y synthesis then
could be due to an influx of producer cells into the circulation. We investigated the effect of hyper-
thermia on several T-cell subsets to correlate any change that might occur in the lymphocyte popu-
lation with the enhanced IFN-y production.

Subsets of lymphocytes can be defined by the use of commercially available monoclonal antibod-
ies directed against several well-characterized surface antigens. The Becton-Dickinson series of anti-
vodies (leu 2, leu 3, leu 4, leu 7, leu 11, leu 12, and leu M3) were used to examine the lymphocyte
fraction of blood withdrawn from individuals with normal or hyperthermic core body tempera-
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TABLE 1. ANALYSIS OF LEUKOCYTE POPULATION OF PERIPHERAL BLoOD FroM
ConTROL (Tg; = 37°C) or HYPERTHERMIC (Tg; = 39°C) HUMANS

Control Hyperthermia
(T,, = 37°C) (T,, = 39°C) Percent change
Total WBC 6,200 = 1,100 7,900 + 1,400 +27.4%
Granulocytes 3,925 + 455 5,435 + 652 +39.5%
Eosinophils 186 + 16 198 + 22 +6.0%
Lymphocytes 1,890 + 16 2,078 + 275 +9.8%
Monocytes 205 = 19 198 + 20 —4.0%

Values represent the mean number of each cell type/mm?® + S.D. (N = 3).

tures. Each antibody was used as a fluorescein-isothiocyanate (FITC) conjugate. Figure 2 presents
a composite of the typical determinations from one subject.

Hyperthermia resulted in an increase in leu 2-staining cells (T suppressor/cytotoxic lymphocytes)
and a decrease in the percentage of T helper cells. The total number of T lymphocytes as deter-
mined by a pan T-cell antibody (leu 4) remained nearly constant. Unaffected by the induction of
hyperthermia were B lymphocytes (leu 12*) and myeloid lineage cells (leu M3*). As noted in Table 2
there is as great deal of individual variation in the absolute percentage of Ty and Tg cells, although
the direction of change is consistent. The changes in Ty and Tg cells, although the direction of
change is consistent. The changes in Ty and Tg cells are significantly different (p < 0.05). Mono-
clonal antibodies associated with natural killer (NK) cell subsets (leu 7*, leu 11*) showed increased
staining on cells from hyperthermic individuals. In addition, there was a characteristic shift toward
greater average cellular fluorescence intensity with leu 11, which suggests an increase in the average
cell-surface density of the leu 11 epitope in hyperthermic individuals. The values of leu 7 and leu 11
were significantly different at 37°C and 39°C by paired ¢ test (p < 0.05).

Preliminary experiments indicate an increase in IL-2 levels in phytohemagglutinin (PHA)-stimu-
lated lymphocytes in hyperthermic individuals. >’ The levels vary with an increase of 1.5- to 6-fold,
depending on the subject. Thus, the enhanced IFN-y induction could be the direct result of en-
hanced IL-2 production, which in turn may result from an increase in IL-1. This is currently being
investigated.

DISCUSSION

This report demonstrates that the potential for 1FN-y synthesis can be enhanced dramatically in
lymphocytes isolated from peripheral circulation as a result of elevated body temperature. The pos-
sibility that this response may be directly related to fever is strongly supported by the apparent tem-
perature threshold required for its occurrence. Interestingly, the 2°C rise in body temperature uti-
lized in this study and correlated with immune enhancement is similar to the finding of Vaughn and
Kluger?"’ that a rise of 1.50-2.25°C increased the survival of infected rabbits. In fact, fevers above
or below this level were detrimental to survival. Therefore, a “therapeutic window” may exist for
positive influences of febrile temperatures on host resistance and survival.

The changes in lymphocyte subset distribution described in this report may reflect the activity of
hormones on these cells. The specific alterations that occurred due to hyperthermia were very simi-
lar to reports by others which concluded that epinephrine induced fluctuations of the normal T-cell
subset ratios.*>?* Increases in circulating catecholamines during natural fevers have been in-
ferred.** Consequently, such hormone-induced changes in T-lymphocyte ratios may occur in vivo
during the course of infection-induced fevers.
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TaABLE 2. THE EFFeCT OF In Vivo HYPERTHERMIA ON THE PERIPHERAL MONONUCLEAR CELL
PopPULATION FROM NINE INDIVIDUALS AS DETERMINED BY FLow CYTOMETRY

Percent positively labeled cells

Antibody leu 2 leu 3 leu 7 leu 11

37° 39° 37° 39° 37° 39° 37 39°
Individual 1 17.1 185 17.2 165 37.0 459 215 30.1
Individual 2 219 300 46.6 33.0 148 187 247 253
Individual 3 202 419 441 19.4 - - - -
Individual 4 309 390 37.9 287 - - — -
Individual 5 146 164 348 348 187 194 156  21.4
Individual 6 31.1 39.2 381  °29.0 - - - -
Individual 7 6.6 9.2 204 181 205 214  15.1 30.1
Individual 8 107 147 288 135 4.9 54 154 192
Individual 9 209 328 141 7.2 111 173 219 252

The observed increase in IFN-y may be a byproduct of a cascading mechanism in which interleu-
kin-1 (IL-1) production is enhanced, stimulating the production of IL-2, which in turn would
stimulate IFN-y induction. Preliminary data indicate that IL-2 levels also increase in PHA-stimu-
lated lymphocytes, and NK cell activity is enhanced by in vivo hyperthermia.*® Thus, these factors
may be involved in IFN-y enhancement.

ACKNOWLEDGMENTS

This research was approved by the Indiana University Human Subjects Committee (Blooming-
ton). It was supported by a grant from the Public Health Service AI121898 (M.W.T.). H.M.V. was
a Fogarty International Fellow; J.F.D. was supported by an Indiana University School of Medicine
predoctoral fellowship.

REFERENCES

. ROBERTS, N.J. (1979). Temperature and host defense. Microbiol. Rev. 43, 241-259.

. COHEN, P., and WARREN, S.L. (1935). A study of the leukocytosis produced in man by artificial fever.
J. Clin. Invest. 14, 423-433.

. NAHAS, G.G., TANNIERES, M.L., and LENNON, J.F. (1971). Direct measurement of leukocyte motil-
ity: Effect of pH and temperature. Soc. Exp. Biol. Med. 138, 350-352.

. ROBERTS, N.J., JR., and SANDBERG, K. (1979). Hyperthermia and human leukocyte functions. II.
Enhanced production of and response to leukocyte migration inhibition factor (LIF). J. Immunol. 122,
1990-1993.

. JAMPEL, H.D., DUFF, G.W., GERSHON, R.K., ATKINS, E., and DURUM, S.K. (1983). Fever and
immunoregulation. III. Hyperthermia augments the primary in vitro humoral immune response. J. Exp.
Med. 157, 1229-1236.

. SARIRAN, K., and NICKERSON, D.A. (1982). Enhancement of murine in vitro antibody formation by
hyperthermia. Cell Immunol. 74, 306-321.

. SCHULTZ, R.M,, and KLEINSCHMIDT, W.J. (1983). Functional identity between murine y-interferon

149



DOWNING ET AL.

and macrophage activating factor. Nature 305, 239-240.

8. WALLACH, D., FELLOUS, M., and REVEL, M. (1982). Preferential effect of y-interferon on the syn-
thesis of HLA antigens and their mRNAs in human cells. Nature 299, 833-836.

9. WONG, G.H.W., CLARK-LEWIS, I, McKIMM-BRESCHIKIN, J.L., HARRIS, AW, and
SCHRADER, J.W. (1983). Interferon—y induces enhanced expression of Ia and H-2 antigens on B-lym-
phoid, macrophage, and myeloid cell lines. J. Immunol. 131, 788-793.

10. WALLACH, D. (1983). The HLA proteins and a related protein of 28 KDa are preferentially induced by
interferon-y in human WISH cells. Eur, I, _lmmunol. 13, 794-798.

11. HERBERMAN, R.B. (1984). Interferon and cytotoxic effector cells, in: Interferon and the Immune Sys-
tem. J. Vilcek and E. DeMaeyer (eds.). Elsevier, Amsterdam, pp. 61-84.

12. FARRAR, W.L., JOHNSON, H.M., and FARRAR, J.J. (1981). Regulation of the production of im-
mune interferon and cytotoxic T lymphocytes by interleukin 2. J. Immunol. 126, 1120-1125.

13. SIDMAN, C.L., MARSHALL, J.D., SCHULTZ, L.D., GRAY, P.W., and JOHNSON, H.M. (1984). v-
Interferon is one of several direct B cell-maturing lymphokines. Nature 309, 709.

14. DOWNING, J.F., TAYLOR, M.W., WEI, K.M., and ELIZONDO, R. (1987). In vivo hyperthermia en-
hances plasma antiviral activity and stimulates peripheral lymphocytes for increased synthesis of inter-
feron-y. J._Interferon Res. 7, 185-193.

15. BOYUM, A. (1968). Separation of leukocytes from blood and bone marrow. Scand. J. Clin. Lab.
(Suppl.) 97, 1-109.

16. EPSTEIN, L.B., CLINE, M.J., and MERIGAN, T.C. (1971). The interaction of human macrophages
and lymphocytes in the phytohemagglutinin-stimulated production of interferon. J. Clin. Invest. 50, 744-
753.

17. WIRANOWSKA-STEWART, M., and STEWART, W.E,, II. (1981). Determination of human leukocyte
populations involved in production of interferons alpha and gamma. J. Interferon Res. 1, 233-244.

18. PALACIOS, R., MARTINEZ-MAZA, O., and DELEY, M. (1983). Determination of human leukocyte
populations involved in production of interferons alpha and gamma. Eur. J. Immunol. 13, 221-244.

19. DOWNING, J.F., and TAYLOR, M.W. (1987). The effect of in vivo hyperthermia on selected lympho-
kines in man. Lymphokine Res. 6, 103-109.

20. DINARELLO, C.A., CONTI, P., and MIER, J.W. (1986). Effects of human interleukin-1 on natural
killer cell activity: Is fever a host defense mechanism for tumor killing? Yale J. Biol. Med. 59, 97.

21. VAUGHN, LK., and KLUGER, M.J. (1977). Fever and survival in bacterially infected rabbits. Proc.
Am. Soc. Exp. Biol. 36, 511.

22. CRARY, B., HAUSER, S.L., BORYSENKO, M., KUTZ, 1., HOBAN, C., AULT, K.A., WEINER,
H.L., and BENSON, H. (1983). Epinephrine-induced changes in the distzibution of lymphocyte subsets in
peripheral blood of humans. J. Immunol. 131, 1178-1181.

23. BRAHMI, Z., THOMAS, J.E., PARK, M., PARK, M., and DOWDESWELL, I.R.G. (1985). The effect
of acute exercise on natural killer-cell activity of trained and sedentary human subjects. J. Clin. Immunol.
5, 321-328.

24. BEISEL, W.R. (1981). Alterations in hormone production and utilization during infection, in: Infection:
The Physiologic and Metabolic Responses of the Host. M.C. Powanda and P.G. Canonico (eds.). Else-
vier, Amsterdam, pp. 148-171.

Address reprint requests to:
Dr. Milton W. Taylor
Department of Biology
Indiana University
Bloomington, IN 47405

Received 5 June 1987/Accepted 18 August 1987

150



Thisarticle has been cited by:

1. Renata Zrinski Topi#, Ivka Zori#i#-Letoja, Ivan Pavi#, SlavicaDodig. 2011. Indeterminate Results
of QuantiFERON-TB Gold In-Tube Assay in Nonimmunosuppressed Children. Archives of Medical
Research 42:2, 138-143. [CrossRef]

2. May LooFever 335-341. [CrossRef]

3. Annette Dieing, Olaf Ahlers, Bert Hildebrandt, Thoralf Kerner, Ingo Tamm, Kurt Possinger, Peter
WustThe effect of induced hyperthermia on the immune system 162, 137-152. [ CrossRef]

4. Neil P Walsh, Martin Whitham. 2006. Exercising in Environmental Extremes. Sports Medicine
36:11, 941-976. [ CrossRef]

5.Joseph M. Kaminski, Eric Shinohara, James Bradley Summers, Kenneth J. Niermann, Allan
Morimoto, Jeffrey Brousal. 2005. The controversial abscopal effect. Cancer Treatment Reviews
31:3, 159-172. [CrossRef]

6. J Hasday. 2000. The role of fever in the infected host. Microbes and Infection 2:15, 1891-1904.
[CrossRef]

7.T Lee. 1998. Effect of ex vivo hyperthermia on radiation-induced micronuclei in lymphocytes
of cancer patients before and during radiotherapy. Mutation Research/Genetic Toxicology and
Environmental Mutagenesis 417:1, 1-8. [ CrossRef]

8.1992. Nishi Nihon Hifuka 54:3, 520-531. [ CrossRef]

9.C AKINS, D THIESSEN, R COCKE. 1991. Lipopolysaccharide increases ambient temperature
preference in C57BL/6J adult mice. Physiology & Behavior 50:2, 461-463. [ CrossRef]

10. Rong-Nian Shen, Ned B Hornback, Homayoon Shidnia, Bo Wu, Li Lu, Hal E Broxmeyer. 1991.
Whole body hyperthermia: A potent radioprotector in vivo. International Journal of Radiation
Oncology* Biology* Physics 20:3, 525-530. [ CrossRef]

11. M.W. TAYLOR, K.A. WEI, JAMES F. DOWNING, R. ELIZONDO, E. LUNDGREN. 1990.
Fever Induced by Escherichia coli or Intrahypothalamic Prostaglandin E2 Enhances | nterferon-#
Synthesis. Journal of Interferon Research 10:4, 425-433. [Abstract] [Full Text PDF] [Full Text PDF
with Links]

12. Rong-Nian Shen, Li Lu, Hal E. Broxmeyer. 1990. New therapeutic strategies in the treatment of
murine diseases induced by virus and solid tumors: Biology and implications for the potential
treatment of human leukemia, AIDS, and solid tumors. Critical Reviews in Oncol ogy/Hematol ogy
10:3, 253-265. [CrossRef]

13. Howard A. Young, Kenneth J. Hardy. 1990. Interferon-#: Producer cells, activation stimuli, and
molecular genetic regulation. Pharmacology & Therapeutics 45:1, 137-151. [CrossRef]


http://dx.doi.org/10.1016/j.arcmed.2011.02.001
http://dx.doi.org/10.1016/B978-141602299-2.10036-2
http://dx.doi.org/10.1016/S0079-6123(06)62008-6
http://dx.doi.org/10.2165/00007256-200636110-00003
http://dx.doi.org/10.1016/j.ctrv.2005.03.004
http://dx.doi.org/10.1016/S1286-4579(00)01337-X
http://dx.doi.org/10.1016/S1383-5718(98)00086-2
http://dx.doi.org/10.2336/nishinihonhifu.54.520
http://dx.doi.org/10.1016/0031-9384(91)90095-6
http://dx.doi.org/10.1016/0360-3016(91)90065-C
http://dx.doi.org/10.1089/jir.1990.10.425
http://online.liebertpub.com/doi/pdf/10.1089/jir.1990.10.425
http://online.liebertpub.com/doi/pdfplus/10.1089/jir.1990.10.425
http://online.liebertpub.com/doi/pdfplus/10.1089/jir.1990.10.425
http://dx.doi.org/10.1016/1040-8428(90)90034-P
http://dx.doi.org/10.1016/0163-7258(90)90012-Q
https://www.researchgate.net/publication/20022797



