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Abstract
Purpose—Chemotherapy-induced peripheral neuropathy is a major complication in the
treatment of cancer, including multiple myeloma (MM). Patients may develop painful and
nonpainful (e.g., numbness) neuropathy symptoms that impair function and often persist after
therapy is terminated. This study tested the hypothesis that baseline subclinical neuropathy, as
assessed by sensory thresholds, is related to the development of neuropathy symptoms (e.g., pain
and numbness) in patients with MM undergoing treatment with chemotherapy.

Methods—Patients (N=56) who had undergone 2 or fewer cycles of induction therapy and who
had no evident neuropathy were assessed using quantitative sensory tests to determine multiple-
modality sensory thresholds. Patient-reported pain and numbness were assessed through induction
therapy (16 weeks) via the MD Anderson Symptom Inventory. A subset of participants (n=15)
continued reporting on their symptoms for an additional 16 weeks (“maintenance phase”).

Results—Patients with sharpness-detection deficits at baseline (n=11, 20% of sample) reported
less-severe pain and numbness during induction therapy and less numbness during maintenance
therapy (P<0.05). During the maintenance phase, patients with warmth-detection deficits (n=5,
38% of sample) reported more-severe pain and numbness, and those with skin-temperature deficits
(n=7, 47% of maintenance sample) reported more-severe pain (P<0.05). These deficits were
related to patient-reported difficulty walking, a common symptom of peripheral neuropathy.

Conclusions—Our results suggest that baseline subclinical sensory deficits may be related to a
patient's risk for developing chemotherapy-induced peripheral neuropathy.
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Introduction
Chemotherapy-induced peripheral neuropathy (CIPN) is a common treatment-related
toxicity affecting cancer patients, including patients with multiple myeloma (MM) [1,2].
CIPN includes painful symptoms (e.g., burning pain) and nonpainful symptoms (e.g.,
numbness, tingling) [3,4] that may result in distress, functional impairment, and treatment
limitations (e.g., dose reductions, treatment agent changes). Agents known to improve MM
outcomes, such as bortezomib and thalidomide, have also been associated with high rates of
CIPN [5-7]. Although the mechanisms by which these agents induce neuropathy are unclear,
the literature suggests that they can significantly reduce peripheral nerve-fiber density and
function [8-10].

When patients with MM become symptomatic from their disease, induction therapy is
generally initiated. During induction therapy, grade 2 or higher CIPN (based on the National
Cancer Institute Common Terminology Criteria (NCI-CTC)) develops in approximately
30% of patients [2,11]. Once neuropathy develops, it may persist after treatment termination
[8,12]. Additionally, because maintenance chemotherapy may improve outcomes [13-15],
patients often undergo treatment for long durations and receive high cumulative doses.

Although a few genetic markers [16,17], comorbidities (e.g., diabetes) [18], and
demographic characteristics (e.g., age) [19] are associated with higher CIPN rates in patients
with MM, no method for determining an individual's risk has been established. Therefore,
developing methods to determine a patient's risk of developing CIPN would be a significant
advance. Increasing evidence suggests that patients with pretreatment neuropathy are at
increased risk of developing CIPN [20-23]; however, treatment-related neuropathy
symptoms also develop in patients without obvious baseline neuropathy. Recently, nerve
conduction [23] and quantitative sensory testing (QST) [24,25] studies have detected
subclinical sensory deficits in a surprisingly large percentage of patients with colorectal
cancer or multiple myeloma prior to any therapy.

This study is, to the best of our knowledge, the first to explore the hypothesis that
subclinical sensory deficits, detected by QST, are related to the development of CIPN
symptoms, as reflected in patient report of pain and numbness. QST is a well-validated
noninvasive battery of sensory-threshold tests (Table 1) designed to evaluate loss and gain
of function in nerve fibers [26-28]. Specifically, this study classified patients as having a
deficit or no deficit on these sensory threshold tests based upon data collected from healthy
controls. The trajectory of patient reported pain and numbness, as assessed by the M.D.
Anderson Symptom Inventory (MDASI), was evaluated by deficit category during induction
therapy (week 0 to 16) and, in a subset of patients, during maintenance therapy (week 17 to
32).

Patients and Methods
Patients

Patients were recruited from the MM clinic at The University of Texas MD Anderson
Cancer Center. Inclusion criteria included: 2 or fewer cycles of induction therapy at
enrollment (baseline), no evident preexisting neuropathy (NCI-CTC score of 0), at least 18
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years of age, and ability to use the telephone-based interactive voice response (IVR) system.
The IVR system allows patients to rate their symptoms using a telephone keypad. Patients
were monitored for up to 32 weeks. Control participants were recruited from institutional
faculty and staff. All participants provided written informed consent. Procedures were
approved by the MD Anderson Institutional Review Board.

Quantitative sensory testing
QST has been shown to be a sensitive assessment of neuropathic pain as well as subclinical
sensory deficits [25-28]. Furthermore it has been shown to have good re-test reliability and,
when administered by a trained examiner, good inter-observer reliability [26,27]. In our
study, QST was conducted by a trained research coordinator at baseline and at the start of
each cycle (approximately every 4 weeks), at 3 body locations: the tip of the index finger,
thenar eminence, and volar surface of the forearm on the dominant limb. These sites were
chosen based of the stocking-and-glove distribution of chronic bortezomib-related CIPN,
wherein pain, numbness, and tingling are commonly reported in the glabrous skin of the
hands and feet, but not in more-proximal hairy skin [8,29].

Touch-detection threshold was assessed using von Frey monofilaments in an up-down
manner [8,30,31]. While the participant looked away from the testing site, filaments were
applied until they bent slightly for 1 second. When the participant did not report detection of
the stimulus, the next-higher-force filament was applied. Conversely, when the participant
detected the stimulus, the next lower force filament was applied. The force produced by the
first filament a patient reported detecting three times was recorded as their threshold.

Sharpness-detection threshold was assessed by applying force to the skin using a blunted 30-
gauge needle with pressure from weighted metal cylinders [8,30-32]. The needle was
applied for 1 second while patients looked away from the testing site. Participants were
instructed to describe each stimulus as touch, pressure, sharp, or pain. The weighted stimuli
were presented in ascending order until the participant reported a sharp or painful sensation,
at which point that weight was recorded. The threshold was defined as the average of three
trials.

Skin temperature for each test site was determined through use of an infrared thermistor
placed gently against the skin. Thermal thresholds were then assessed using a Peltier
thermode (Medoc, Inc., Haifa, Israel). To assess a participant's warmth and hot detection
thresholds, the skin was heated from 32°C (baseline temperature) at a rate of 0.3°C/second,
with a cutoff of 51.5°C. To assess cool and cold detection thresholds, the skin was cooled
from 32°C at a rate of -0.5°C/second, with a cutoff of 3°C. For both temperature sets,
participants reported when they first perceived a temperature change (warm or cool) and
when the change became painful (hot or cold). The thermode returned to 32°C when pain
was reported. If a participant failed to report pain prior to the cutoff, the temperature was
held for 10 seconds before it returned to baseline, and the cutoff temperature was recorded.
The threshold was calculated by averaging 3 trials.

Manual dexterity was assessed by means of the grooved pegboard test [33]. Participants
filled a 5-by-5 slotted pegboard in order across rows, first with their dominant hand and then
with their nondominant hand. The time to complete the task was recorded. If the task was
not completed within 5 minutes, this cutoff time was recorded.

Patients also completed a set of questionnaires at each QST session. Any areas of pain or
sensory disturbance were drawn on a standardized body map. Those reporting sensory
symptoms in the hands or feet rated their current and daily maximum pain on a visual
analogue scale (VAS) with prompts ranging from “no pain” to “most imaginable.” Finally,
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sensory disturbances in the hands and feet were characterized by selecting from a
standardized word descriptor list [8,29].

Patient-reported pain and numbness
Patient-reported pain and numbness were assessed using the multiply myeloma module of
the MDASI, a multiple-symptom questionnaire sensitive to symptoms of disease and
treatment [34,35]. The MM module of the MDASI has been shown to be valid, reliable
method to assess disease and treatment-related symptom burden in patients with MM [35].
Within this scale patients rated the intensity of 13 core symptom items, 7 MM-specific
symptom items, and 6 items of symptom interference with functioning (e.g., difficulty
walking) within the past 24 hours on a 0 (“not present”) to 10 (“as bad as you can imagine”)
scale. The MDASI can be completed within 5 minutes. The IVR system, which
automatically called at patient-designated times, was the primary response mechanism. If the
system failed to reach a patient, the research coordinator contacted the patient by phone or
during a clinic visit. MDASI data were collected twice weekly during the first 12 weeks and
once a week thereafter.

Data analysis
Patients were classified as “deficit” or “no deficit” for each test on their of baseline QST
data. A detection threshold >2 standard deviations (SD) from control mean was considered a
deficit for that modality. Patient-reported pain and numbness data were divided into
induction (weeks 0-16) and maintenance (weeks 17-32) phases. To avoid potential
confounds from autologous stem cell transplantation (ASCT), patients were dropped from
induction-phase analysis when they began stem cell mobilization, and those who entered
ASCT during the study were excluded from maintenance-phase analyses. The maintenance
phase cohort included patients who continued on chemotherapy or watchful waiting after
induction; limited sample size and changing treatment strategies prevented subdividing this
group. Data are presented as means ± standard error. P-values less than 0.05 were
considered significant, except when otherwise noted.

To determine whether QST deficits were associated with patient-reported MDASI pain and
numbness during induction therapy and the maintenance phase, linear mixed models (LMM)
were fit. These models controlled for time, age, diabetes, bortezomib use, and the number of
therapy cycles. If a “deficit” or “no deficit” group contained fewer than 20% of study
patients, the analysis was not conducted. After exclusions, there were 6 variables to assess
during each phase; therefore, a significance level of 0.008 was set. Because difficulty
walking is a significant functional issue associated with CIPN, we also fit LMM to
determine if deficits associated with pain and numbness were associated with MDASI-
reported difficulty walking.

As the MDASI assesses general pain and numbness, these scores may be influenced by non-
neuropathy-related pain (e.g., bone pain). To verify that pain and numbness assessed by
MDASI corresponded to sensory disturbances in areas expected to be affected by CIPN, we
evaluated patient-reported data focused on the hands and feet that was collected during QST
follow-up. Patients who reported moderate to severe pain (VAS score 4 on a 0 to 10 scale)
[36] at least once were classified as having a “painful sensory disturbance,” whereas patients
who reported numbness and tingling during more than 25% of QST sessions were classified
as having a “nonpainful sensory disturbance.” Multivariate binary logistic regression models
were conducted to determine if baseline QST deficits were independent prognostic factors
for the development of sensory disturbances. Variables shown to be significant during
univariate analyses were included.
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Results
Patients

Patient characteristics are presented in Table 2. This study included data from 56 patients
with an average age of 63.7 ± 1.5 years (range 36–86 years). All patients had a primary
diagnosis of MM and most (89.3%) were receiving bortezomib-based induction therapy.
One patient was on single-agent bortezomib, 18 were on bortezomib plus dexamethasone,
and 6 were on lenolidomide plus dexamethasone. The remaining 31 patients were on
bortezomib, dexamethasone, and other agents, such as: lenalidomide (n=16),
cyclophosphamide (n=6), thalidomide (n=2), doxorubicin (n=2), melphalan (n=2), and
vorinostat (n=2). A subset (n=15 patients) continued to the maintenance cohort. Control data
were collected from 24 healthy volunteers, 14 men and 10 women, with an average age of
50.8 ± 2.8 years (range 31–83 years).

Sensory deficits predict MDASI pain and numbness
The LMM analyses revealed that, during induction, higher levels of MDASI pain were
reported by patients with diabetes than by those without diabetes (3.3 ± 0.5 vs 1.9 ± 0.3,
P=0.006) and by patients treated with bortezomib than by those treated without bortezomib
(3.4 ± 0.26 v 1.8 ± 0.62, P=0.016). A review of clinic notes indicated that 19.6% of patients
in this study (n=11) had a break from chemotherapy, dose reduction, or change in treatment
due to developing neuropathy. Therefore, it is not surprising that patients who received more
cycles of therapy (>4 cycles) reported less numbness during induction. In our sample, age
was not significantly related to the development of pain or numbness.

Baseline QST deficits were observed in at least 20% of patients for all measures except hot
(6.8%) and cool (7.5%) detection. The LMM results during induction therapy are
summarized in Figure 1A and 1B. The only variable that exhibited a significant effect (p <
0.008) during induction therapy was sharpness detection. Specifically, baseline sharpness-
detection deficits were negatively associated with MDASI pain (P=0.004) and numbness
(P< 0.001), such that patients with normal sharpness-detection thresholds (n=44, 80.0%)
reported more severe pain (2.8 ± 0.3 vs 1.4 ± 0.5; Figure 2A) and numbness (2.0 ± 0.3 vs 0.2
± 0.5; Figure 3A). There was a nonsignificant trend (P=0.01) for skin temperature,
suggesting that patients with lower-than-normal skin temperature (n =17, 30.9%) may have
more-severe pain than patients without skin-temperature deficits (Figure 2E).

During the maintenance phase (Figure 1C and 1D), skin temperature (P=0.005; Figure 2F)
and warmth-detection (P<0.001; Figure 2D) deficits were associated with patient-reported
MDASI pain. Patients with skin-temperature deficits (n =7, 47% of maintenance sample)
reported more-severe pain than did patients with normal skin temperature (3.1 ± 1.1 vs 0.5 ±
0.9), and patients with warmth-detection deficits (n =5, 38% of sample) reported more-
severe pain than did patients without this deficit (4.9 ± 1.1 vs 1.0 ± 0.8). Warmth-detection
deficits were associated with more-severe numbness (6.2 ± 1.0 vs 1.6 ± 0.7, P<0.001; Figure
3D), whereas sharpness-detection deficits were associated with less-severe numbness
(P<0.001; Figure 3B).

Given that deficits in sharpness and warmth detection were associated with both pain and
numbness, we sought to determine if their combination would provide more information.
Although the difference between sharpness-detection groups emerged within a few weeks,
the difference between warmth-detection groups did not emerge until approximately week
12 (Figure 2C and 3C). Therefore, we examined the interaction between sharpness-detection
and warmth-detection deficits from weeks 12 to 32 using LMM. A significant interaction
between baseline sharpness-detection and warmth-detection deficits was observed for pain
(P=0.002) and numbness (P=0.003). Specifically, patients with sharpness-detection deficits
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but without warmth-detection deficits (n =4) reported virtually no pain (0.0 ± 0.50) or
numbness (0.0 ± 1.29), whereas patients with warmth-detection deficits but without
sharpness-detection deficits (n =8) reported, on average, moderate [36] pain (4.73 ± 0.23)
and numbness (5.06 ± 0.46).

Sensory deficits predict sensory disturbances in hands and feet
As MDASI pain and numbness items are not necessarily specific to neuropathy, these data
was corroborated by analyzing patient reported data specific to the anticipated site of
neuropathy (i.e., hands and feet) collected during follow-up QST testing (Table 3).
Multivariate models, which included only items shown to be significant during univariate
analyses, for painful and nonpainful sensory disturbances were conducted. For painful
sensory disturbances (n=12), baseline warmth-detection and skin-temperature deficits were
included, and for nonpainful sensory disturbances (n=26) baseline sharpness-detection and
warmth-detection deficits were included. Results indicated warmth-detection (OR: 4.9,
P=0.036) and skin-temperature (OR: 5.0, P=0.031) deficits were independent prognostic
factors for the development of painful sensory disturbances. Additionally, sharpness-
detection (OR: 0.1, P=0.032) and warmth-detection (OR: 4.8, P=0.021) deficits were
independent prognostic factors for the development of nonpainful sensory disturbances.

Sensory deficits predict difficulty walking
Given that neuropathy can result in significant difficulty walking, we sought to determine if
variables that impact pain and numbness also affect patient reported difficulty walking as
assessed by the MDASI. Patients with sharpness-detection deficits reported less interference
with walking than did patients without sharpness-detection deficits during induction (1.5 ±
-0.16 vs 3.7 ± 0.11, P=0.038), but not during maintenance (1.9 ± 0.37 vs 4.5 ± 0.25,
P=0.144). More-severe interference with walking was reported during maintenance by
patients with skin-temperature deficits (5.1 ± 0.35 vs 2.8 ± 0.20, P=0.009) and warmth-
detection deficits (6.9 ± 0.94 vs 2.4 ± 0.22, P<0.001) than by those without.

Discussion
On the basis of literature suggesting preexisting neuropathy increases the risk for CIPN
[20-23], we hypothesized that subclinical peripheral sensory deficits may be sensitive
indicators of CIPN risk. Prior to the start of chemotherapy a significant proportion of
patients in our study displayed subclinical peripheral sensory deficits [24]. These deficits are
likely related to disease-mediated factors (e.g., amyloidosis, compression injuries,
autoimmune mechanism) [37,38]. Our results suggest that baseline peripheral sensory
deficits detected through objective QST measures may indicate increased risk for the
development of CIPN, as assessed by patient-reported pain and numbness. This important
potential insight will no doubt be the focus of follow-up work given the limited sample size
in this study. Nevertheless, this work could have fundamental implications for the care a
broad range of cancer patients in that the CIPN is a major side effect associated with all the
frontline chemotherapy drugs used to treat the most common types of cancers.

Within our study, a subset of QST measures was associated with the development of pain
and numbness. Specifically, patients with impaired sharpness-detection reported less pain
and numbness during induction and less numbness during the maintenance phase than did
patients without sharpness-detection deficits. Further, patients with impaired warmth-
detection were more likely to report pain and numbness during the maintenance phase than
were patients without warmth-detection deficits. Additionally, those who had skin-
temperature deficits were more likely to report pain during the maintenance phase than were
patients without temperature deficits. These deficits were also related to patient-reported
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symptom interference with walking. The independent predictive value of these deficits was
corroborated by questionnaires focused on body areas sensitive to the development of CIPN
(i.e., hands and feet).

The association between sharpness-detection deficits and neuropathy symptoms emerged
within the first few weeks. However, the association between warmth-detection and skin-
temperature deficits and neuropathy symptoms emerged after several cycles of therapy.
Using sharpness-detection and warmth-detection deficits together, we established low-risk
and high-risk CIPN profiles. This suggests that combining QST performance data may allow
for a more-accurate assessment of an individual's risk.

Given that temperature-detection and sharpness-detection deficits are mediated by small
peripheral nerve fibers, our data suggest that subclinical small-fiber (C and A ) neuropathy
may predispose individuals to CIPN. Both C and A fibers can respond to thermal stimuli;
however, the warmth-detection thresholds within this study were below the detection
threshold for the type-1 A fibers found in glabrous skin [39]. Therefore, our findings suggest
that baseline C-fiber function may be associated with development of pain and numbness. A
fibers are associated with sharpness detection [40]. Our data suggests that patients with
sharpness-detection deficits were at lower risk for developing CIPN. As impairment in A
function has previously been observed within areas of ongoing pain in bortezomib-treated
patients [29], the mechanism underlying this potential effect is unclear and requires further
investigation. One possibility is that patients with normal baseline sharpness detection enter
therapy with more A fibers than do patients with deficits; once therapy is initiated,
treatment-related toxicity would presumably affect greater number of fibers in these normal
patients, resulting in increased pain. It is also possible that tests for sharpness detection
uniquely identify a more-stoic patient population who are less willing to report sharp pain
during QST testing or pain and numbness during treatment.

This study is an initial exploratory study and, as such, has several limitations, particularly
the small sample size and paucity of treatment-naïve patients at baseline. A multicenter
study consisting of large, treatment naïve population and an assessment of baseline fiber
density is needed to validate this predictive model and to determine if these results are
related to subclinical small-fiber neuropathy. Further, studies are also needed to determine
whether these results are generalizable to other cancer types and treatments.

These findings suggest that chemotherapy-induced neuropathy may be related to deficits in
primary afferent fibers. Furthermore, it suggests that simple measures of nerve function may
be able to be used clinically to determine a patient's neuropathy risk prior to the start of
chemotherapy. As treatment strategies that reduce neuropathy risk have been identified (e.g.,
spaced treatment [41], low doses [42,43], and using alternative treatment agents [44] or
routes of administration [45]), establishing a risk level would allow physicians and patients
to have more information as they select a treatment plan. Implementing these alternatives for
at-risk patients may improve patient quality of life and result in better treatment outcomes as
a result of reduced need for toxicity-related breaks in therapy.
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Figure 1.
Patient-reported pain and numbness by QST baseline deficit category. A, Pain reported
during induction therapy. B, Numbness reported during induction therapy. C, Pain reported
during maintenance therapy. D, Numbness reported during maintenance therapy. *Asterisks
indicate P < 0.008.
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Figure 2.
Pain reported in: A, patients with (n=11) and without (n=44) sharpness detection deficits
during induction therapy ; B, patients with (n=3) and without (n=12) sharpness detection
deficits during maintenance therapy; C, patients with (n=20) and without (n=30) warmth
detection deficits during induction therapy ; D, patients with (n=5) and without (n=8)
warmth detection deficits during maintenance therapy ; E, patients with (n=17) and without
(n=38) skin temperature deficits during induction therapy ; and F, patients with (n=7) and
without (n=8) skin temperature deficits during maintenance therapy.
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Figure 3.
Numbness reported in: A, patients with (n=11) and without (n=44) sharpness detection
deficits during induction therapy; B, patients with (n=3) and without (n=12) sharpness
detection deficits during maintenance therapy; C, patients with (n=5) and without (n=8)
warmth detection deficits during maintenance therapy; D, patients with (n=5) and without
(n=8) warmth detection deficits during maintenance therapy.
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Table 1

Description of the QST measures

Measure Tool Range Primary Nerve Fibers Assessed

Touch detection threshold Von Frey monofilaments 0.008–300 grams Aβ

Sharpness detection threshold Blunted needle 8–128 grams Aδ

Thermal detection thresholds Pelteir thermode, Medoc 3.0–51. 5°C Aδ and C

Manual dexterity Grooved pegboard test ≤300 seconds Aβ

Skin temperature Infrared thermistor °C –

QST Quantitative Sensory Testing
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Table 2

Patient demographics (N=56)

Characteristic n (%)

Age – years, mean (SD) 63.7 (11.6)

Gender

    Male 34 (60.7)

    Female 22 (39.3)

Race

    White 41 (73.2)

    Other 15 (26.8)

Diabetes

    Yes 47 (83.9)

    No 9 (16.1)

Marital status

    Married 43 (76.8)

    Not married 13 (23.2)

Education level

    High school or less 11 (19.6)

    Greater than high school 45 (80.4)

Chemotherapy regimen

    Bortezomib-based 50 (89.3)

    No bortezomib 6 (10.7)

Chemotherapy cycles at baseline

    <1 cycle 13 (23.2)

    1-2 cycles 43 (76.8)

Total chemotherapy cycles

    <5 cycles 41 (73.2)

    5 cycles 15 (26.8)

SD Standard Deviation
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