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Abstract
Clinical studies suggest that chemotherapy is associated with long-term cognitive impairment in some patients. Several 
underlying mechanisms have been proposed; however, the etiology of chemotherapy-related cognitive dysfunction remains 
relatively unknown. There is evidence that oligodendrocytes and white matter tracts within the CNS may be particularly 
vulnerable to chemotherapy-related damage and dysfunction. Auditory brainstem responses (ABRs) have been used to 
detect and measure functional integrity of myelin in a variety of animal models of autoimmune disorders and demyelinating 
diseases. Limited evidence suggests that increases in interpeak latencies, associated with disrupted impulse conduction, can 
be detected in ABRs following 5-fluorouracil administration in mice. It is unknown if similar functional disruptions can be 
detected following treatment with other chemotherapeutic compounds and the extent to which alterations in ABR signals 
represent robust and long-lasting impairments associated with chemotherapy-related cognitive impairment. Thus, C57BL/6 J 
mice were treated every 3rd day for a total of 3 injections with low or high dose cyclophosphamide, or doxorubicin. ABRs 
of mice were assessed on days 1, 7, 14, 56 and 6 months following completion of chemotherapy administration. There were 
timing and amplitude differences in the ABRs of the doxorubicin and the high dose cyclophosphamide groups relative to the 
control animals. However, despite significant toxic effects as assessed by weight loss, the changes in the ABR were transient.

Keywords  Cyclophosphamide · Doxorubicin · Auditory brainstem response · ABR · Myelin · Chemo-brain · Chemo-
fog · Cancer-related cognitive impairment · Chemotherapy-related cognitive impairment · CRCI · Chemotherapy-induced 
cognitive impairment · CICI

Introduction

Cancer patients treated with adjuvant chemotherapy often 
experience cognitive decline. This phenomenon, often 
dubbed “Chemo-Brain,” or “Chemo-Fog” can be long last-
ing (> 10 years) and can severely impact the survivor’s qual-
ity of life (Raffa and Tallarida 2010).  It is estimated that as 
of January 1, 2019, 67% of cancer survivors (10.3 million) 

in the US were diagnosed 5 or more years ago, demonstrat-
ing the success of chemotherapy and other treatments for 
cancer (Miller et al. 2019). Unfortunately, this also means 
there is a growing population of survivors who struggle with 
long-term problems in mental function, formally referred 
to as chemotherapy-related cognitive impairment (CRCI). 
These long-lasting cognitive impairments following chemo-
therapy treatment are known to occur across a diverse range 
of processes including working memory, attention, process-
ing speed, concentration, and executive functions (Collins 
et al. 2014; Janelsins et al. 2018; Koppelmans et al. 2012; 
for a recent review see: Cerulla et al. 2020) .

The cause of these cognitive impairments and the extent 
to which chemotherapy treatment itself may be responsi-
ble for cognitive dysfunction detected in cancer survivors 
remains unclear. Methodological limitations such as lack of 
baseline measurements, variation in the neuropsychological 
assessments used, relatively small sample sizes, and varia-
tions in anti-cancer treatment intensity and type complicate 
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studies in humans (Evenden 2013; Vardy et al. 2007; Wefel 
et al. 2011; Winocur et al. 2018). These limitations, coupled 
with inherent interactions between genetics, epigenetic, and 
environmental factors present in clinical populations, cre-
ate large sources of variance in collected data. As a result 
of these confounds, researchers have expressed the need for 
better methodologies and the development of animal models 
that allow for more exacting experimental control and better 
synergies between animal models and human experiments 
(Weiss 2010; Winocur et al. 2018). We and others have 
begun to develop animal models of chemotherapy induced 
cognitive decline to investigate the underlying neural mecha-
nisms and complement continued human research (e.g., Bri-
ones and Woods 2011; Christie et al. 2012; Foley et al. 2008; 
Fremouw et al. 2012a, 2012b; Gandal et al. 2008; Janelsins 
et al. 2010; Long et al. 2011; MacLeod et al. 2007; Matsos 
and Johnston 2019; Reiriz et al. 2006; Seigers and Fardell 
2011; Winocur et al. 2012; Wood et al. 2006).

The neural targets and physiological mechanisms related 
to cognitive dysfunction following chemotherapy are likely 
complicated and varied (Ahles and Saykin 2007; Ren et al. 
2019). One possible underlying mechanism is damage and 
disruption to white matter within the CNS. Clinical stud-
ies suggest white matter pathology following chemotherapy 
treatment is common, regardless of chemotherapy regimen 
or cancer type (Matsos et al. 2017). The extent to which 
these changes in white matter persist is less clear, but for 
some, recovery from chemotherapy-induced changes to 
white matter occurs within 3–4 years after treatment (Bil-
liet et al. 2018). In vitro and in vivo experimentation has 
found that at least some chemotherapy agents can be toxic 
to both oligodendrocyte precursor cells as well as mature 
oligodendrocytes, resulting in long term damage to myelin 
tracts in the CNS (Han et al. 2008). Furthermore Geraghty 
et al. (2019) found that chemotherapy treatment with metho-
trexate disrupts activity-regulated myelination in a mouse 
model of CRCI. Therefore, myelin disruption may be one 
of the causes of observed cognitive impairment in clinical 
populations receiving chemotherapy, and as such, auditory 
brainstem response (ABR) analysis may be a useful tool for 
identifying this damage.

The ABR is a relatively robust and early event-related 
potential that has an established history for the assessment 
of hearing and the integrity of auditory nerve (Martin et al. 
2007; Jerger and Hall 1980; Zheng et al. 1999). Utilizing 
ABRs, electrodes can detect evoked electrical potentials 
at various stages along the initial auditory pathway, with 
peaks representing processing along the auditory pathway 
from the cochlea through the midbrain (Henry 1979; Land 
et al. 2016; Long et al. 2018). The noninvasive nature of 
ABR recording, and its relative insensitivity to subject state, 
make it an attractive assessment technique in both clinical 
and research settings for studying disorders of the CNS, 

including myelin damage (Parham et al. 2001; Shah and 
Salamy 1980). Moreover, ABRs are easily measured in both 
humans and non-human animals. Myelin deficiency causes 
changes in electrophysiological features of neurons because 
of decreased conduction velocity, prolonged refractory peri-
ods, desynchronized firing and increased membrane time 
constants (Brismar 1981; Cragg and Thomas 1964). These 
electrophysiological changes can be detected with ABR 
analysis and have been studied in several mutant animal 
models of abnormal myelin development and demyelination 
(Carpinelli et al. 2014; Naito et al. 1999; Roncagliolo et al. 
2000; Shah and Salamy 1980; Wan and Corfas 2017; Zhou 
et al. 1995). The exact nature of the changes to the ABR 
differ in the different models of myelin damage; however, 
there is typically a decrease in various interpeak latencies 
(often P1 to P5 or P1 to P4 is measured) and a decrease in 
amplitude at various peaks. The specific peaks for which 
amplitude decreases vary, likely based on the nature of the 
myelin damage including if it is peripheral, central, or both.

Han et al. (2008) found that mice treated with the chem-
otherapy agent 5-fluorouracil (5-FU) had increased ABR 
interpeak latencies indicative of myelin damage. Interest-
ingly, the increase in ABR interpeak latency developed over 
time, suggesting delayed white matter damage which was 
confirmed in a follow-up experiment in which they found 
reduced cellularity and loss of myelin basic protein in the 
corpus callosum in mice at 6-month post-5-FU treatment. 
Thus, myelin in the CNS may be damaged by chemothera-
peutic agents, and ABR analysis may be a useful tool for 
identifying such damage.

If ABR recordings are sensitive to damage related to 
chemotherapeutic agents (myelin or otherwise), the ease 
of diagnostic application in clinical settings, the relative 
robust nature of the ABR signal, and the similarities between 
rodent and human applications would make ABRs a useful 
tool for identifying early signs of cognitive sequelae (Ogier 
2020), for identifying individuals that may be at risk for 
developing CRCI, and for helping to reconcile the animal 
and human research literature.

To further investigate this phenomenon, we conducted a 
study designed to examine the effects of the chemotherapy 
agents cyclophosphamide and doxorubicin on the ABRs of 
mice. We hypothesized that mice treated with cyclophospha-
mide or doxorubicin would exhibit abnormal ABRs when 
compared to saline treated control animals. Specifically, 
we expected to observe increases in the interpeak latency 
between P1 and P5 and decreases in at least some peak 
amplitudes that relate to myelin damage, reduced impulse 
conduction, and desynchronized neural firing.
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Experimental procedure

General

Thirty-nine male C57BL/6 J mice were obtained from 
Jackson Laboratories (Bar Harbor, ME) at 8–9 weeks of 
age. Mice were housed 3–4 animals per cage with food and 
water provided ad libitum. A 12:12 light dark cycle was 
used (light on: 7:30 am–7:30 pm). Experiments started 
2 weeks after arrival of the animals according to the proto-
col described below. All experiments were approved by the 
Institutional Animal Care and Use Committee (IACUC) at 
the University of Maine.

Following a 14-day acclimation period, mice received 
3 intraperitoneal injections of saline (0.9% sterile saline, 
n = 14), doxorubicin (5 mg/kg dissolved in saline, n = 8), 
low dose cyclophosphamide (120  mg/kg dissolved in 
saline, n = 8), or high dose cyclophosphamide (220 mg/kg 
dissolved in saline, n = 9) with 2 days between injections. 
Intraperitoneal injections rather than intravenous injec-
tions were used to match the injection method employed 
in the rat and mouse CRCI literature. Dosing levels for the 
doxorubicin and high dose cyclophosphamide were based 
on dosing studies in our lab. Our goal was to use the high-
est dose that did not (1) lead to systemic animal death and 
(2) lead to permanent weight loss. Because toxicity and 
tolerance of cancer chemotherapy agents can vary drasti-
cally as a function of circadian rhythm (Focan 1995), we 
treated all mice at approximately the same time: 8 h after 
light onset. This difference in toxicity and tolerance based 
on circadian rhythm can make comparing dosing across 
studies difficult if the time of dosing is not listed. Starting 
2 days before treatment, and continuing 14 days after the 
last drug treatment, the mice were weighed daily. There-
after, mice were weighed at least every third day.

An initial baseline ABR recording (day 0) was carried 
out 48 h before animals received their first chemotherapy 
injection. ABR recording sessions were repeated a total of 
five additional times: on days 1, 7, 14, 56, and 6 months 
following completion of chemotherapy administration. 
Figure 1 shows the timeline of the experiment.

ABR stimuli and recording procedure

ABR recordings were carried out in a double-walled sound 
attenuating chamber (Industrial Acoustics) under ketamine/
xylazine anesthesia (100 mg/kg ketamine; 10 mg/kg xyla-
zine). The anesthesia was used to immobilize the mice and 
allow for artifact free recordings. A heating pad (FHC) regu-
lated by a temperature probe was used to keep the mouse 
warm (36 °C) during the ABR procedure.

ABRs were recorded using metal subdermal electrodes 
(Technomed) connected to a Tucker–Davis Technologies 
(TDT) RA4LI low impedance headstage. The active elec-
trode was placed subcutaneously at the vertex. The reference 
electrode was placed subcutaneously ventral lateral to the 
left external pinna. A ground electrode was placed subcu-
taneously near the tail. The evoked signals were amplified 
and digitized via a TDT RA4PA preamplifier, acquired with 
a TDT RX5-2 Pentusa Bases Station running at a sampling 
rate of 25 K, and bandpass filtered (150–3000 Hz). ABRs 
were elicited with a series of free-field, 100 µs square-
wave clicks presented at a rate of 20 clicks per second via a 
TDT MF1 speaker. The speaker was in front of the mouse, 
12.5 cm from the middle of its head. Clicks were digitally 
generated and converted to an analog signal via a TDT RX6 
running at a sampling rate of 200 K. Clicks were presented 
over 12 trials from 90 to 30 dB pSPL in 5 dB steps. The 
speaker was calibrated (Burkard 2006) with an ACO Pacific 
7016 ¼—in condenser microphone, 4016 preamplifier, 9200 
power supply, and a TDT MA3 microphone amplifier. Each 
trial consisted of 500 individual stimulus presentations at a 

Fig. 1   Timeline. Initial baseline 
ABR recordings were per-
formed 2 days prior to initial 
chemotherapy administration. 
Chemotherapy administration 
consisted of 3 i.p. injections 
administered every third day. 
Follow-up ABR recordings 
were performed on days 1, 7, 
14, 56 and 6 months following 
completion of chemotherapy 
administration
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single sound level. All recordings and stimuli presentations 
were programmed and controlled via Tucker Davis Tech-
nologies’ System3 Bio-SigRP© software. After the ABR 
recordings were concluded, mice were placed in an exter-
nally heated empty cage and allowed to recover before being 
returned to their home cage.

Data analysis

After ABR recordings were completed, data were exported 
to MATLAB for analysis. Blocks of 500 individual 

responses for each animal for each trial were averaged. 
Artifact rejection and peak/trough identification was auto-
mated via custom MATLAB programs and then checked 
by eye by two observers with the observers blind to treat-
ment. When checking by eye, an animal’s averaged wave-
forms were stacked by sound level (see Fig. 2) to aid in 
identification of the peaks and troughs. Identification of 
P2 can be complicated by multiple peaks within close tem-
poral and amplitude proximity. The blind observers did 
modify the P2 and corresponding trough location for a 
few animals on a few days. This was done in cases, where 

Fig. 2   Example of ABR waveforms stacked by sound level with peaks and troughs marked
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one of the distinct peaks was lower in amplitude than the 
other peak and it was clear that that lower amplitude peak 
corresponded to the peak at lower sound levels. An exam-
ple of this is shown in Fig. 2. At 85 dB pSPL, there are 
two peaks, the second of which is higher in amplitude. 
Although the second peak is higher in amplitude, the first 
peak clearly corresponded to P2 at lower sound levels and 
was, therefore, labeled as P2. The same approach was 
used in determining the corresponding trough, as shown 
in Fig. 2.

Changes in interpeak latency were analyzed for each 
mouse, calculated as Lt–L0, where Lt is the interpeak 
latency [time between the corresponding 2 peaks] at day 
1, day 7, day 14, day 56, or 6-month post-treatment, and 
L0 is the baseline interpeak latency 2 days prior to the 
initial i.p. injection, day 0. Positive values on this meas-
ure indicate a slower recorded interpeak latency during 
a specific follow-up ABR recording relative to baseline. 
Negative values on this measure indicate a faster recorded 
interpeak latency during a specific follow-up ABR record-
ing relative to baseline. Changes in peak amplitude were 
analyzed for each mouse, calculated as At–A0, where At is 
the amplitude [peak to following trough] at day 1, day 7, 
day 14, day 56, or 6-month post-treatment, and A0 is the 
baseline amplitude 2 days prior to the initial i.p. injection, 
day 0. Threshold was determined as the minimum stimulus 
intensity that caused a reliable wave (I, II, III IV or V) by 
eye by two raters blind to treatment.

The most robust data were observed between 60 and 
80 dB pSPL. As a result, longitudinal analyses were con-
ducted with mixed model ANOVAs utilizing data recorded 
with stimuli presented at 60, 70, and 80 dB pSPL.

Results

Weight loss

Figure 3 depicts mean percent weight as a function of day, 
starting from the day of the first injection to the final injec-
tion, including every subsequent ABR recording day dur-
ing the experiment (1, 7, 14, 56 and 6 months). As shown 
in Fig. 3, all animals injected with a chemotherapy agent, 
regardless of dose or specific compound, initially lost 
weight, while control animals receiving saline increased in 
weight.

To assess differences in the extent of weight lost between 
the treatment groups across the protocol, a two-factor mixed-
design ANOVA [Treatment × Time] was conducted to ana-
lyze weight loss for the first 7 days (starting from the day 
of the first injection to the final injection) and every sub-
sequent ABR recording day during the experiment (1, 7, 
14, 56 and 6 months). The analysis indicated main effects 
of treatment, (F3, 35 = 50.022; p < 0.001, ηp

2 = 0.811), and 
time, (F2.2, 76.7 = 118.942; p < 0.001, ηp

2 = 0.773, Green-
house–Geisser corrected), as well as a significant treat-
ment by time interaction, (F6.6, 76.7 = 14.448; p < 0.001, 
ηp

2 = 0.553, Greenhouse–Geisser corrected).
Simple effect analyses utilizing ANOVAs at each time-

point assessed the interaction between treatment and time 
which revealed significant effects of treatment on weight 
loss at each timepoint (p’s < 0.001). By day 1, all chemo-
therapy treated groups had lost significantly more weight 
than saline treated controls (pairwise comparisons using 
Fisher’s LSD indicated p’s < 0.01). These differences com-
pared to controls remained at day 7 (p’s < 0.01). By day 14 

Fig. 3   Mean % body weight 
(relative to pre-treatment 
weight) as a function of day. 
A two-factor mixed-design 
ANOVA indicated a main effect 
of treatment, a main effect of 
time and a treatment by time 
interaction (all p’s < 0.001) 
Error bars represent ± S.E.M
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cyclophosphamide treated animals had nearly recovered to 
pre-injection weights; however, all chemotherapy groups 
remained significantly lighter than the control animals 
(p’s < 0.01). By day 56 all chemotherapy groups had recov-
ered to pre-injection weights; however, all chemotherapy 
groups were significantly lighter than the control animals, 
which was also the case at 6 months (p’s < 0.01). These 
results suggest that chemotherapy dosing had an effect 
on weight and that control animals increased their weight 
over the protocol, while animals injected with either cyclo-
phosphamide or doxorubicin initially lost weight, and then 
eventually recovered this weight. However, their weight was 
always less than control animals.

ABR auditory threshold

To determine if there were any difference in auditory 
threshold between the treatment groups across the proto-
col, a two-factor mixed-design ANOVA [Treatment × Time] 
was conducted to analyze change in threshold across 
each ABR recording day relative to baseline threshold. 
The analysis indicated a significant main effect of Time, 
(F3.4, 118.9 = 13.31; p < 0.001, ηp

2 = 0.276, Greenhouse–Geis-
ser corrected), but there was no significant main effect of 
treatment, (F3, 35 = 0.12; p = 0.95, ηp

2 = 0.011), and no sig-
nificant treatment by time interaction, (F10.2, 118.9 = 0.53; 
p = 0.87, ηp

2 = 0.044, Greenhouse–Geisser corrected).
Follow-up pairwise comparison using Fisher’s LSD to 

investigate the significant main effect of time confirmed 
that threshold change was significantly greater at 6 months 
compared to all other timepoints (p’s < 0.001). The change 
in threshold at day 56 was significantly greater than at days 
1 and 7 (p’s < 0.01). These results suggest, as expected, 
that animals experienced age-related hearing loss over the 
6-month protocol (particularly by 6 months). Table 1 shows 
threshold for each treatment group at each recording day.

ABR peak and interpeak latencies

Figure 4 shows the change in P1 latency and in interpeak 
latency (P1–P5, P1–P2, P2–P3, P3–P4, P4–P5) relative to 
baseline ABR recordings, across the experiment averaged 
across sound level (60, 70, and 80 dB pSPL).

Change in P1–P5 interpeak latency

To explore potential differences in peripheral and central 
transmission speed among the treatment groups, we initially 
examined change in P1–P5 interpeak latency (change rela-
tive to the baseline recording on day 0) with a three-factor 
mixed-design ANOVA [Treatment × Time × Sound Level] 
with treatment as a between-subjects factor, and time (days 
1, 7, 14, 56, and 6 months) and sound level (60, 70, and 
80 dB pSPL) as within-subjects factors. Results indicated a 
significant main effect of treatment (F3, 35 = 5.650; p = 0.003, 
ηp

2 = 0.326), of time (F4, 140 = 6.098; p < 0.001, ηp
2 = 0.148) 

and of sound level (F1.4, 48.3 = 8.095; p = 0.003, ηp
2 = 0.188, 

Greenhouse–Geisser corrected). The main effect of time 
and the main effect of treatment was qualified by a signifi-
cant interaction between the two (F12, 140 = 2.677; p = 0.003, 
ηp

2 = 0.187).
Follow-up pairwise comparisons utilizing Fisher’s LSD 

of the main effect of sound level indicated that the change 
in P1–P5 interpeak latency tended to become smaller as 
the sound level increased. Overall, the interpeak latency 
change was greater at 60 dB than at 70 dB or 80 dB pSPL 
(p’s < 0.005) and there was a trend of the change in inter-
peak latency being greater at 70 dB than at 80 dB pSPL 
(p = 0.053).

Given that there was a time by treatment interaction and 
no time by treatment by sound level interaction, data were 
collapsed across sound level (see Fig. 4a). Simple effect anal-
ysis of the interaction between treatment and time revealed 
a significant difference in P1–P5 interpeak latency among 
the treatment groups on day 1 (F3, 35 = 3.971; p = 0.015, 
ηp

2 = 0.254), day 7 (F3, 35 = 13.540; p < 0.001, ηp
2 = 0.537), 

and day 14 (F3, 35 = 5.793; p = 0.003, ηp
2 = 0.332). Follow-

up pairwise comparisons utilizing Fisher’s LSD indicated 
that the high dose cyclophosphamide group had a significant 
increase in P1–P5 interpeak latency compared to both the 
control group and the low dose cyclophosphamide group on 
day 1 (p’s < 0.008). At day 7, both the high dose cyclophos-
phamide and doxorubicin groups had significantly increased 
P1–P5 interpeak latency compared to the low dose cyclo-
phosphamide group and the control group (p’s < 0.03). In 
addition, the high dose cyclophosphamide group had a sig-
nificantly greater increase in P1–P5 interpeak latency com-
pared to the doxorubicin treated animals (p = 0.033). At day 

Table 1   Threshold (dB pSPL)

Means ± S.E.M

Treatment Day 0 Day 1 Day 7 Day 14 Day 56 6 Months

Control 38.9 ± 0.77 39.3 ± 0.089 39.6 ± 0.63 40.0 ± 0.52 40.7 ± 1.03 45.7 ± 1.27
Doxorubicin 40.0 ± 0.94 38.7 ± 0.82 40.6 ± 1.13 39.4 ± 0.62 40.6 ± 0.62 45.0 ± 1.34
High Cyclophosphamide 38.3 ± 1.28 38.9 ± 0.73 39.4 ± 1.00 40.6 ± 1.00 41.1 ± 0.73 43.3 ± 0.83
Low Cyclophosphamide 39.4 ± 1.13 40.6 ± 1.13 40.6 ± 1.13 40.0 ± 0.00 41.3 ± 0.81 46.3 ± 1.57
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14, the high dose cyclophosphamide treatment group had a 
significant increase in P1–P5 interpeak latency compared to 
all other treatment groups (p’s < 0.04). In addition, the low 
dose cyclophosphamide treated animals had a significant 
decrease in P1–P5 interpeak latency compared to the control 
group (p = 0.041).

Figure 5a shows mean ABR waveforms for each treatment 
group at day 0 and day 7 (averaged over sound level) and 
Fig. 5b, shows individual waveforms for two random ani-
mals from each group, also at day 0 and day 7 (averaged over 
sound level). These waveforms provide a visual example of 
some of the changes to P1–P5 interpeak latency noted above 

as well as some of the latency changes noted in other parts of 
“ABR peak and interpeak latencies” and some of the ampli-
tude changes noted in “ABR peak amplitude”. The mean 
group waveforms for both high dose cyclophosphamide and 
doxorubicin groups appear shifted to the right at day 7 com-
pared to baseline recordings at day 0 and represent a slowing 
of the ABR signal. These same patterns are seen in the indi-
vidual waveforms, in which the animals treated with high 
dose cyclophosphamide show both increased peak latency 
and decreased amplitude at some peaks. These patterns are 
most evident when viewing the high dose cyclophospha-
mide treated animals, but can be detected in the doxorubicin 

Fig. 4   Mean change in peak and interpeak latency from baseline. 
Baseline ABR recordings were performed for each animal 2  days 
before initiation of chemotherapy administration. After completion of 
chemotherapy administration, follow-up ABR tests were conducted 
on each animal at various points during a time course of 6 months. 
Low dose cyclophosphamide (120  mg/kg) and doxorubicin (5  mg/
kg) both consisted of n = 8 animals, the high dose cyclophosphamide 
(220 mg/kg) treatment group consisted of n = 9 animals, and the con-
trol group consisted of n = 14 animals. ABR latencies were analyzed 
for each individual at each timepoint. Change of peak or interpeak 

latency was calculated as Lt–L0 (Lt, latency values at day 1, day 7, 
day 14, day 56, or 6-month post-treatment; L0, baseline values 2 days 
before initiation of chemotherapy administration). The mean change 
in latency values were averaged across sound level (60, 70, and 80 dB 
pSPL) for a P1–P5, b P1, c P1–P2, d P2–P3, e P3–P4, f P4–P5. Data 
represent mean change of latency (ms) ± S.E.M. Brackets represent 
significant (p’s < 0.05) Fisher’s LSD pairwise comparisons. For P2–
P3 and P4–P5, there was a significant overall difference between the 
high cyclophosphamide and all other groups (p’s < 0.03)
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treated animals as well. Waveforms from control and low 
dose cyclophosphamide animals do not demonstrate these 
features corresponding to the lack of a significant difference 
at day 7 in the low dose cyclophosphamide treatment group.

To gain a more detailed understanding of the P1–P5 inter-
peak latency changes across the groups, we assessed latency 
change for P1 and change in interpeak latency for P1–P2, 
P2–P3, P3–P4, and P4–P5.

Change in P1 latency

Change in P1 latency was assessed with a three-factor 
mixed-design ANOVA [Treatment × Time x Sound Level] 
with treatment as a between-subjects factor, and time and 
sound level as within-subjects factors. Results indicated a 
significant main effect of time (F2.4, 84.5 = 26.269; p < 0.001, 
ηp

2 = 0.429, Greenhouse–Geisser corrected). This main 
effect was qualified by a significant interaction between 
treatment and time (F7.2, 84.5 = 2.314; p = 0.031, ηp

2 = 0.165, 
Greenhouse–Geisser corrected).

Given that there was a time by treatment interaction 
and no time by treatment by sound level interaction, data 
were collapsed across sound level (see Fig. 4b). Simple 
effect analysis of the interaction between treatment and 
time revealed a significant difference in the P1 latency 

change among the treatment groups on day 7 (F3, 35 = 3.899; 
p = 0.017, ηp

2 = 0.250) and day 14 (F3, 35 = 3.232; p = 0.034, 
ηp

2 = 0.217). Follow-up pairwise comparisons utilizing Fish-
er’s LSD indicated that the high dose cyclophosphamide 
group had a significant increase in P1 latency compared to 
both the low dose cyclophosphamide group and the control 
group on days 7 and 14 (p’s < 0.042). Although no group 
differences were significant via the simple effect analysis 
on days 1 and 56, the pattern was similar to the pattern on 
days 7 and 14 in that the high dose cyclophosphamide group 
had the largest P1 latency increase on days 1 and 56 as well.

Change in P1–P2 interpeak latency

Change in P1–P2 interpeak latency was assessed with a 
three-factor mixed-design ANOVA [Treatment × Time x 
Sound Level] with treatment as a between-subjects fac-
tor, and time and sound level as within-subjects factors. 
Results indicated significant main effects of both time 
(F4, 140 = 5.136; p < 0.001, ηp

2 = 0.128) and of sound level 
(F2, 70 = 9.459; p < 0.001, ηp

2 = 0.213). The main effect 
of time was qualified by a significant interaction between 
treatment and time (F12, 140 = 2.778; p = 0.002, ηp

2 = 0.192). 
The main effect of time and the main effect of sound 
level was modified by an interaction between the two 

Fig. 5   Average ABR waveforms for each group (a) and two individual animals in each treatment group (b) (collapsed over 60, 70, and 80 dB 
pSPL) at day 0 and day 7
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(F5.1, 178.8 = 5.254; p < 0.002, ηp
2 = 0.131, Greenhouse–Geis-

ser corrected).
Simple effect analysis to explore the time by sound 

level interaction revealed a significant difference in P1–P2 
interpeak latency change across time at 60 (F4, 38 = 10.585; 
p < 0.001, ηp

2 = 0.218) and at 70 dB pSPL (F4, 38 = 4.177; 
p < 0.003, ηp

2 = 0.099). Follow-up pairwise comparisons uti-
lizing Fisher’s LSD indicated that P1–P2 interpeak latency 
change was larger at 6 months than at any other timepoint at 
60 dB pSPL (p’s < 0.001) and that it was larger at 6 months 
than on days 1, 14, and 56 at 70 dB pSPL (p’s < 0.01).

Given that there was a time by treatment interaction and 
no time by treatment by sound level interaction, data were 
collapsed across sound level (see Fig. 4c). Simple effect 
analysis of the interaction between treatment and time 
revealed a significant difference in P1–P2 interpeak latency 
change among the treatment groups on day 7 (F3, 35 = 5.453; 
p = 0.003, ηp

2 = 0.319) and day 56 (F3, 35 = 2.912; p = 0.048, 
ηp

2 = 0.200). Follow-up pairwise comparisons utilizing Fish-
er’s LSD indicated that on day 7 the high dose cyclophos-
phamide and doxorubicin treatment groups had significant 
increases in P1–P2 interpeak latency compared to both the 
low dose cyclophosphamide and control groups (p’s < 0.05). 
However, at day 56, high dose cyclophosphamide treated 
animals had significant decreases in P1–P2 interpeak latency 
compared to both doxorubicin and low dose cyclophospha-
mide groups (p’s < 0.02). In addition, there was a trend 
toward a difference compared to the control group (p = 0.06).

Change in P2–P3 interpeak latency

Change in P2–P3 interpeak was assessed with a three-factor 
mixed-design ANOVA [Treatment × Time x Sound Level] 
with treatment as a between-subjects factor, and time and 
sound level as within-subjects factors. Results indicated a 
significant main effect of treatment (F3, 35 = 6.466; p = 0.001, 
ηp

2 = 0.357) and of time (F3.2, 110.7 = 7.348; p < 0.001, 
ηp

2 = 0.174, Greenhouse–Geisser corrected). The main 
effect of time was qualified by a significant interaction 
between time and sound level (F5.2, 182.4 = 2.465; p = 0.032, 
ηp

2 = 0.066, Greenhouse–Geisser corrected).
Simple effect analysis to explore the time by sound 

level interaction revealed a significant difference in P2–P3 
interpeak latency change across time at 60 (F4, 38 = 10.747; 
p < 0.001, ηp

2 = 0.220) and at 70 dB pSPL (F4, 38 = 10.797; 
p < 0.001, ηp

2 = 0.221). Follow-up pairwise comparisons uti-
lizing Fisher’s LSD indicated that P2–P3 interpeak latency 
change was larger at 6 months than at any other time at 
60 dB (p’s < 0.002) and that it was larger at 6 months than 
on days 1, 14, and 56 at 70 dB (p’s < 0.002), the same pattern 
as seen for the time by sound level interaction for P1–P2. In 
short, when threshold has increased the most relative to the 

baseline recording (day 0), the interpeak latencies change 
less at the higher sound-levels.

Follow-up pairwise comparison using Fisher’s LSD to 
investigate the significant main effect of treatment indicated 
that the P2–P3 interpeak latency change was significantly 
greater, overall, in the high dose cyclophosphamide group 
compared to all other treatment groups (p’s < 0.03). As 
expected, given that there was no time by treatment inter-
action, the P2–P3 interpeak latency change is more posi-
tive (greater increase days 1–56 and less of a decrease at 
6 months) for the high dose cyclophosphamide group at all 
timepoints compared to all the other groups (see Fig. 4d). 
However, this difference between the high dose cyclophos-
phamide group and all the other groups appears to be driven 
by a slowing of the P2–P3 interpeak latency by the other 
groups at 6 months, whereas the difference appears to be 
driven by an increase in the P2–P3 interpeak latency in the 
high cyclophosphamide group on the earlier days.

Change in P3–P4 interpeak latency

Change in P3–P4 interpeak latency was assessed with a 
three-factor mixed-design ANOVA [Treatment × Time x 
Sound Level] with treatment as a between-subjects factor, 
and time and sound level as within-subjects factors. Results 
indicated a significant main effect of time (F2.9, 99.8 = 9.491; 
p < 0.001, ηp

2 = 0.213, Greenhouse–Geisser corrected) and 
of sound level (F2, 70 = 3.432; p = 0.038, ηp

2 = 0.089). The 
main effect of time was qualified by a significant interac-
tion between treatment and time (F8.6, 99.8 = 3.001; p < 0.004, 
ηp

2 = 0.205, Greenhouse–Geisser corrected).
Follow-up pairwise comparisons utilizing Fisher’s LSD 

indicated that P3–P4 interpeak latency change was larger at 
80 than at 60 dB pSPL (p = 0.017).

Given that there was a time by treatment interaction and 
no treatment by time by sound level interaction, data were 
collapsed across sound level (see Fig. 4e). Simple effect 
analysis of the interaction between treatment and time 
revealed a significant difference in P3–P4 interpeak latency 
change among the treatment groups on day 14 (F3, 35 = 3.112; 
p = 0.039, ηp

2 = 0.211). Follow-up pairwise comparisons uti-
lizing Fisher’s LSD indicated that the low dose cyclophos-
phamide group had a significant decrease in P3–P4 interpeak 
latency compared to both the high dose cyclophosphamide 
group and the doxorubicin group (p’s < 0.05).

Change in P4–P5 Interpeak latency

Change in P4–P5 interpeak latency was assessed with a 
three-factor mixed-design ANOVA [Treatment × Time 
x Sound Level] with treatment as a between-subjects 
factor, and time and sound level as within-subjects 
factors. Results indicated a significant main effect of 
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treatment (F3, 35 = 3.160; p = 0.037, ηp
2 = 0.213), of 

time (F4, 140 = 2.48; p = 0.047, ηp
2 = 0.066), and of 

sound level (F1.7, 58.7 = 7.572; p = 0.002, ηp
2 = 0.178, 

Greenhouse–Geisser corrected). There was a trend 
(F12, 140 = 1.728; p = 0.067, ηp

2 = 0.129) toward a time by 
treatment interaction.

Follow-up pairwise comparisons utilizing Fisher’s LSD 
indicated that P4–P5 interpeak latency change became 
smaller as the sound level increased: overall, latency change 
was greater at 60 and 70 than at 80 dB pSPL (p’s < 0.02).

Follow-up pairwise comparison using Fisher’s LSD to 
investigate the significant main effect of treatment revealed 
increased P4–P5 interpeak latency changes for high dose 
cyclophosphamide treated animals compared to all other 
treatment groups (p’s < 0.03). While the high dose cyclo-
phosphamide groups P4–P5 interpeak latency increase was 
numerically larger than the other groups at all timepoints 
(see Fig. 4f), this overall difference in P4–P5 interpeak 
latency appears to be predominantly driven by an increase in 
P4–P5 interpeak latency in the high dose cyclophosphamide 
group on days 1, 7, and 14, consistent with the finding of a 
trend toward a treatment by time interaction.

Although exploratory, simple effect analysis of the time 
by treatment interaction trend revealed that that there were 
only differences between the treatment groups on days 1 
(F3, 35 = 4.58; p = 0.008, ηp

2 = 0.282), 7 (F3, 35 = 7.106; 
p < 0.001, ηp

2 = 0.379), and 14 (F3, 35 = 5.793; p = 0.003, 
ηp

2 = 0.332), and not day 56 (F3, 35 = 0.381; p = 0.767, 
ηp

2 = 0.032) and 6  months (F3, 35 = 0.492; p = 0.731, 
ηp

2 = 0.036), consistent with the idea that the overall increase 
in P4–P5 interpeak latency in the high dose cyclophospha-
mide group is predominantly driven by the increased inter-
peak latency on days 1, 7, and 14.

ABR peak amplitude

Figure 6 shows the change in peak amplitude (P1, P2, P3, 
P4, and P5) relative to baseline recordings, averaged across 
sound level (60, 70, and 80 dB pSPL).

Change in P1 amplitude

Change in P1 amplitude was assessed with a three-factor 
mixed-design ANOVA [Treatment × Time × Sound Level] 
with treatment as a between-subjects factor, and time and 
sound level as within-subjects factors. Results indicated 
a significant main effect of time (F3.1, 107.9 = 109.537; 
p < 0.001, ηp

2 = 0.758, Greenhouse–Geisser corrected).

Figure 6a shows the general pattern of P1 amplitude 
decreasing over time and that there was little evidence that 
P1 amplitude varied by treatment.

Change in P2 amplitude

Change in Peak 2 amplitude was assessed with a three-
factor mixed-design ANOVA [Treatment × Time × 
Sound Level] with treatment as a between-subjects fac-
tor, and time and sound level as within-subjects fac-
tors. Results indicated a significant main effect of time 
(F3.2, 111.7 = 65.999; p < 0.001, ηp

2 = 0.653, Green-
house–Geisser corrected) and sound level (F1.6, 55.7 = 3.451; 
p = 0.049, ηp

2 = 0.090, Greenhouse–Geisser corrected). 
The main effect of time was qualified by a significant 
interaction with treatment (F9.6, 111.7 = 4.708; p < 0.001, 
ηp

2 = 0.288, Greenhouse–Geisser corrected). The main 
effect of time was also qualified by a significant interaction 
with sound level (F5.4, 189.9 = 5.594; p < 0.001, ηp

2 = 0.138, 
Greenhouse–Geisser corrected).

Given that there was a time by treatment interaction 
and no time by treatment by sound level interaction, data 
were collapsed across sound level (see Fig. 6b). Simple 
effect analysis of the interaction between treatment and 
time revealed a significant difference in the P2 ampli-
tude change among the treatment groups at 6  months 
(F3, 35 = 2.936; p = 0.047, ηp

2 = 0.201). Follow-up pairwise 
comparisons utilizing Fisher’s LSD indicated that the low 
dose cyclophosphamide group had a significant decrease 
in P2 amplitude compared to the high dose cyclophos-
phamide group (p = 0.009) and a trend toward a decrease 
compared to the control group (p = 0.053).

Change in P3 amplitude

Change in Peak 3 amplitude was assessed with a three-
factor mixed-design ANOVA [Treatment × Time × 
Sound Level] with treatment as a between-subjects fac-
tor, and time and sound level as within-subjects fac-
tors. Results indicated a significant main effect of 
time (F2.3, 80.7 = 17.437; p < 0.001, ηp

2 = 0.333, Green-
house–Geisser corrected) which was qualified by a signifi-
cant interaction with treatment (F6.9, 80.7 = 2.709; p = 0.015, 
ηp

2 = 0.188, Greenhouse–Geisser corrected).
Given that there was a time by treatment interaction 

and no time by treatment by sound level interaction, data 
were collapsed across sound level (see Fig. 6c). Simple 
effect analysis of the interaction between treatment and 
time revealed a significant difference in the P3 ampli-
tude change among the treatment groups at 6  months 
(F3, 35 = 5.259; p = 0.004, ηp

2 = 0.311). Follow-up pair-
wise comparisons utilizing Fisher’s LSD indicated that 
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amplitude decreased less for the high dose cyclophospha-
mide group compared to all other groups (p’s < 0.005).

Change in P4 amplitude

Change in Peak 4 amplitude was assessed with a three-factor 
mixed-design ANOVA [Treatment × Time x Sound Level] 
with treatment as a between-subjects factor, and time and 
sound level as within-subjects factors. Results indicated a 
significant main effect of time (F2.6, 89.7 = 12.544; p < 0.001, 
ηp

2 = 0.264, Greenhouse–Geisser corrected) which was 
qualified by a significant interaction with treatment 

(F7.7, 89.7 = 4.75; p < 0.001, ηp
2 = 0.289, Greenhouse–Geis-

ser corrected).
Given that there was a time by treatment interaction 

and no time by treatment by sound level interaction, data 
were collapsed across sound level (see Fig. 6d). Simple 
effect analysis of the interaction between treatment and 
time revealed a significant difference in the P4 amplitude 
change among the treatment groups on day 1 (F3, 35 = 4.919; 
p = 0.006, ηp

2 = 0.297), day 7 (F3, 35 = 3.937; p = 0.016, 
ηp

2 = 0.252) and at 6  months (F3, 35 = 3.955; p = 0.016, 
ηp

2 = 0.253). Follow-up pairwise comparisons utilizing Fish-
er’s LSD indicated that on day 1, the doxorubicin group was 

Fig. 6   Percent change in peak amplitude relative to baseline collaps-
ing across sound level. Baseline ABR recordings were performed 
for each animal 2 days before initiation of chemotherapy administra-
tion. After completion of chemotherapy administration, follow-up 
ABR tests were conducted on each animal at various points during 
a time course of 6  months. Low dose cyclophosphamide (120  mg/
kg) and doxorubicin (5  mg/kg) both consisted of n = 8 animals, the 
high dose cyclophosphamide (220 mg/kg) treatment group consisted 
of n = 9 animals, and the control group consisted of n = 14 animals. 

ABR amplitudes were analyzed for each individual at each timepoint. 
Change of peak amplitude was calculated as (At–A0)/A0 (At, ampli-
tude at day 1, day 7, day 14, day 56, or 6-month post-treatment; A0, 
baseline value 2  days before initiation of chemotherapy administra-
tion). The mean change in amplitude was averaged across sound level 
(60, 70, and 80 dB pSPL) for (a) P1, (b) P2, (c) P3, (d) P4, (e) P5. 
Data represent percent change of amplitude ± S.E.M. Brackets repre-
sent significant (p’s < 0.05) Fisher’s LSD pairwise comparisons
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significantly different than the other groups (p’s < 0.03). On 
day 7, the high dose cyclophosphamide group had a greater 
decrease in P4 amplitude than the control and doxorubicin 
groups (p’s < 0.02). At 6 months, the low dose cyclophos-
phamide, the doxorubicin, and the control group all had a 
larger reduction in P4 amplitude than the high dose cyclo-
phosphamide group (p’s < 0.03).

Change in P5 amplitude

Change in P5 amplitude was assessed with a three-factor 
mixed-design ANOVA [Treatment × Time x Sound Level] 
with treatment as a between-subjects factor, and time and 
sound level as within-subjects factors. Results indicated a 
significant main effect of time (F2.8, 96.7 = 14.572; p < 0.001, 
ηp

2 = 0.294, Greenhouse–Geisser corrected) which was 
qualified by a significant interaction with treatment 
(F8.3, 96.7 = 4.25; p < 0.001, ηp

2 = 0.267, Greenhouse–Geis-
ser corrected).

Simple effect analysis of the interaction between treat-
ment and time revealed no significant difference in P5 ampli-
tude change across groups at any timepoint. Thus, the signif-
icant time by treatment interaction indicates that the pattern 
of P5 amplitude change over time was different for at least 
some of the groups; however, no group significantly differed 
from another on any given day. For example, for the low 
dose cyclophosphamide group, P5 amplitude did not change 
much over days 1, 7, and 14, and then decreased at day 56 
and 6 months; however, for the high dose cyclophosphamide 
group, P5 amplitude appears to have decreased slightly at all 
timepoints. The within group pattern differences driving the 
time by treatment interaction were not analyzed.

Discussion

The results indicate that the doxorubicin and high dose 
cyclophosphamide regimens caused a decrease in P1–P5 
interpeak latency, however, that delay was transient, occur-
ring only on days 1, 7 and 14 for the high dose cyclophos-
phamide group and only on day 7 for the doxorubicin group. 
A finer grained analysis indicated that the delay likely has 
both peripheral and central origins. The decrease in P1 
latency on days 7 and 14 in the high dose cyclophosphamide 
group suggests that at least part of the impairment is periph-
eral. The increased P2–P3 and P4–P5 interpeak latencies 
in the high dose cyclophosphamide group suggests that the 
high dose cyclophosphamide animals had a transient central 
impairment.

Overall, there were few differences in amplitude between 
the control group and any of the treatment groups. For P2, 
there was a trend toward a greater decrease in amplitude for 
the low dose cyclophosphamide group at 6 months compared 

to the control group. For P4, there was a greater decrease in 
amplitude for the high dose cyclophosphamide at day 7 com-
pared to the control group. Surprisingly, at 6 months, the P3 
and P4 amplitude decreased less in the high dose cyclophos-
phamide group compared to the control group. Interestingly, 
although not statistically significant, this pattern of a smaller 
decrease in amplitude in the high dose cyclophosphamide 
group at 6 months is seen for all the peaks. It is unclear why 
that would be. A decrease in the peak amplitudes at 6 months 
is expected as the hearing threshold increases: in our data, 
we saw about a 6 dB change in threshold level between the 
day 0 recordings and the recordings at 6 months. Thus, if the 
high dose cyclophosphamide group’s hearing threshold was 
lower at 6 months than the other groups, that could explain 
the difference; however, there were no differences in thresh-
old among the groups at 6 months.

There was little evidence that animals exposed to a low 
dose of cyclophosphamide had an impaired ABR. In fact, at 
day 14 the P1–P5 latency and P3–P4 latency decreased rela-
tive to the control group. This finding may be related to the 
fact that, in addition to its cytotoxic properties, cyclophos-
phamide has both anti-inflammatory and immunosuppres-
sive effects, and in some cases, is even used to treat central 
nervous system inflammation in multiple sclerosis (Weiner 
and Cohen 2002). We had hypothesized that treatment with 
doxorubicin or cyclophosphamide might cause changes in 
the ABR waveform, and more specifically, that it might 
cause both a reduction in transmission speed and a reduction 
in amplitude indicative of myelin damage. We found changes 
in transmission speed at what appears to be peripheral and 
central levels; however, they were transient. We did not see 
any across the board decreases in amplitude indicative of 
widespread myelin damage. The amplitude changes we did 
see suggest a central mechanism. The ABR waveform as 
a whole, as well as individual peaks, likely represent the 
activity of parallel pathways and the firing of multiple cell 
types (e.g., Land et al. (2016); Melcher & Kiang (1996)) 
making the identification of any specific structure as being 
damaged difficult. In fact, the damage may not even be early 
in the auditory processing stream as damage to the auditory 
cortex can cause changes to the ABR (Lamas et al. 2013).

As discussed earlier, Han et al. (2008) observed increased 
ABR interpeak latencies in mice treated with 5-FU up to 
56-day post-treatment and also detected reduced cellularity 
within the corpus callosum 6-month post-treatment. Here 
we found increased interpeak latencies in mice treated with 
doxorubicin and also in mice treated with cyclophospha-
mide; however, in the present experiment, the impairment 
was not apparent by day 56. It may be the case that spe-
cific chemotherapy compounds and dosage lead to longer 
or shorter lasting changes to the ABR. Further investiga-
tion should aim to replicate the long-term ABR impairment 
seen with 5-FU. In addition, it will be important to explore 
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how various combinations of chemotherapy agents affect 
the ABR. Cancer treatment is typically via a combination 
of chemotherapy agents and such combinations may cause 
larger or longer lasting changes.

The transient nature of the ABR impairments detected 
in the current study stress the importance of investigat-
ing CRCI across greater time intervals. Reviews by Both 
Evenden (2013) and Seigers and Fardell (2011) highlight 
that a key difference between the human and the animal 
literature concerning CRCI is the time course of assess-
ment and the duration of cognitive impairments examined. 
Clinical studies often assess CRCI across months to years, 
while animal studies typically examine CRCI across days to 
weeks. While understanding the underlying mechanisms and 
impact of transient CRCI is important, further investigation 
of long-term effects within the animal literature is needed, 
especially when clinical studies suggest that for many, but 
not all, CRCI following chemotherapy treatment seems to 
ameliorate gradually within 1–2 years (Billiet et al. 2018; 
erulla et al. 2020).

The nature of the transient impairment seen here is 
unclear. It is conceivable that the impairment reflects moder-
ate and perhaps sporadic myelin damage. Another possibility 
is that neuroinflammatory processes may be responsible for 
the ABR changes detected within the first few weeks follow-
ing chemotherapy treatment. Several studies have detected 
upregulation of pro-inflammatory mediators (such as CD68, 
COX-2, ED-1, IL-6, IL-1β, TNF-α) following chemotherapy, 
in both the animal and clinical literature (For a review see 
McLeary et al. 2019). Furthermore, Briones and Woods 
(2014) have demonstrated that rats treated with CMF 
(drug combination of cyclophosphamide, methotrexate, 
and 5-fluorouracil) show increased levels of inflammatory 
mediators, that accompany both cognitive impairment and 
myelin abnormalities, which were detected up to 4 weeks 
following treatment. In addition, while not often explored 
in the animal literature, fatigue is a commonly reported side 
effect of chemotherapy (Bower 2014) and pro-inflammatory 
processes have been suggested as a possible mechanism (Liu 
et al. 2012; Weymann et al. 2014). Thus, neuroinflamma-
tion and fatigue may play a role in the transient increases in 
interpeak latency and decreases in amplitude detected pre-
dominantly in the high cyclophosphamide group.

The choice of mouse strain may also have played a role 
in our results. C57BL/6 J mice develop early presbycusis 
(Keithley et. al. 2004; Hunter and Willott 1987); however, 
it is unclear the degree to which this tendency would make 
C57BL/6Js more or less susceptible to detectable chemo-
therapy-related ABR changes. We also note that click stimuli 
were used in the present study. It is possible that different 
frequencies and corresponding processing may be more or 
less susceptible to chemotherapy induced impairment and 
that this susceptibility may change with age.

In summary, our results suggest that i.p. injections of 
doxorubicin and high dose cyclophosphamide seem to 
cause transient impairments in the ABR of mice, and that 
the extent and time course of the changes may differ based 
on chemotherapy compound and dose. The changes seemed 
to occur more consistently and over a longer time period 
in the high dose cyclophosphamide treated animals than in 
the doxorubicin treated animals. It is important to note that 
while the treatment animals experienced significant weight-
loss, it is possible that a higher dose of cyclophosphamide or 
doxorubicin might have resulted in a longer lasting change 
in the ABR. The current results provide evidence that ABR 
analysis may be a useful tool for identifying and screening 
individuals for early signs of cognitive sequelae that may 
be at risk for developing CRCI, and may be one avenue to 
bridge the gap between human and animal models. Further 
investigation should determine to what degree ABR analysis 
might help detect long-term changes to myelin integrity or 
other neural targets and the degree to which these effects 
may be associated with particular chemotherapeutic com-
pounds or combinations of compounds.
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